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ABSTRACT 
Streamflow for the Goathorn Creek watershed was modeled under the IPCC A IB, A2 and 
B1 emissions scenarios using the HBV-EC hydrologic model. Climate models: CGCM3, 
ECHAM5, GFDL-CM2.1, and CSIRO-Mk were used to generate future climate. Under all 
climate scenarios HBV-EC modeled a 16 percent reduction in mean annual flows; the timing 
of spring peak flows was also forecast to occur up to 30 days earlier in the year. 
The HBV-EC model was also used to model Moffat Creek streamflow under various harvest 
scenarios for mountain pine beetle stands (MPB). The model predicted an increase in 
streamflow with an increase in harvest area. The measured spring discharge during the MPB 
epidemic was however 14 percent lower than it had been during the previous 30 years. Low 
spring discharge during the MPB epidemic appeared to be related to the 9 percent decrease in 
SWE for the same years however further investigation is required. 
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CHAPTER 1 INTRODUCTION 
State of water in Canada 
Several parts of Canada face significant threats to water resources due to climate 
change impacts on the hydrologic cycle, contamination of surface and ground water and 
overuse of water supplies (de Loe, 2008). Even in the presence of climate change, Canadians 
still have the notion that we reside in a water rich country with an endless supply. This belief 
is supported by statistics surrounding our use of water: following the United States, 
Canadians have the highest water consumption per capita in the world (Boyd, 2001). 
Quantifying water resources over diverse Canadian topography is difficult due to the rugged 
terrain, shortage in government funding and limitations in staffing. As Schindler (2001) 
states, failure to replace departing staff and the reallocation of funds from research projects to 
balancing provincial and federal budgets has contributed to the gap in our knowledge about 
Canadian water resources and we may be heading towards a freshwater crisis in Canada. 
The key to successful water governance is knowledge building (Shrubsole and 
Draper, 2007). Investigating uncertainties such as climate change and forest change impacts 
on water resources will build a foundation of principals in which to govern Canadian water 
resources (Shrubsole and Draper, 2007). The most common analytical tool used in watershed 
management and water research is the hydrological model (Cyr and Turcotte, 2007). 
However, modeling water in Canada's watersheds has proved challenging due to the lack of 
data available and the complex nature of cold region hydrology (Pomeroy et al., 2007). Cold 
regions are traditionally defined as areas in which the air temperature remains below freezing 
for over half the year and snow, frost and ice are common (Woo et al., 2007). In Canada, 
characteristics of cold region watersheds are: significant snow cover, cold winters, watershed 
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runoff events, and considerable water storage in the snowpack (Pomeroy et al., 2007). In 
British Columbia (BC), many watersheds are high in elevation and snow plays a major role 
in the water budget of the basin (Tong et al., 2008). 
Watersheds in British Columbia 
The primary tool used in BC to measure streamflow rates is Water Survey Canada 
(WSC) gauging stations. The majority of these stations are located in large drainages where 
population and economic pressures are greatest (Environment Canada, 2006). Up to 85 
percent of the WSC stations were built in order to supply specific projects or management 
areas with flow data (Environment Canada, 2006). These gauging stations are limited as they 
diminish significantly towards the north (Environment Canada, 2006) and for the most part 
do not gauge flows in small to medium sized watersheds. According to the BC Watershed 
Atlas used by the Ministry of Environment, smaller watersheds (3rd order and higher) 
generally range in area from 1 to 400 square kilometres. In BC small watersheds are 
important sources of rural household and farming water supply. 
While current legislation under the BC Water Act allows licensing of the 
Provinces' water (Water Act, 1996), little research has been conducted in northern BC 
regarding the state and future of northern water resources. Also, only two studies can be 
found in the literature that examine how streamflow changes under the mountain pine beetle 
(MPB) epidemic that has infected the majority of pine forests in BC (Boon, 2009; Forest 
Practices Board, 2007). Elsewhere in BC a number of studies have documented stream flow 
changes in relation to logging and climate change and a number of study watersheds have 
been developed (Alila and Beckers, 2001; Loukas et al., 2002; Merritt et al., 2006; Morrison 
et al., 2002). For the purpose of provincial water management and forecasting, there is a 
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need for hydrologic research in northern BC that examines the impacts of climate change and 
MPB on watershed discharge. 
Hydrologic modeling 
There are hundreds of hydrologic models developed throughout the world for various 
purposes ranging from water quality modeling and groundwater transport to surface water 
modeling (Leavesley, 1994). When planning to study the impacts of climate change and 
harvest of mountain pine beetle stands on streamflow, one of the most important steps is to 
select an appropriate hydrologic model (Barnes, 1995). It is important to thoroughly research 
and understand both the requirements and limitations of a hydrologic model to determine 
whether or not it is useful for the study at hand. A complex model may not always produce 
better results than a simple model (Hutchinson, 2007). The task of selecting an optimal 
model is difficult and to date a number of reviews in the literature summarize various 
hydrologic models along with successes and challenges in applying them (Barnes, 1995; 
Chen 2004; DeVries and Hromadka, 1993; El-Kadi, 1989; Leavesley, 1994; Singh and 
Woolhiser, 2002; Singh 1995; Slaymaker, 2000; Xu, 1999). 
The largest challenge facing hydrologic modeling research in northern BC is the 
limitation in available climate, hydrologic and environmental data. Harsh winter conditions 
and difficult terrain often make it difficult to install and maintain equipment such as weather 
stations and stream gauges. The selection of a hydrologic model for this thesis will involve a 
literature review, review of available data, and testing of model software. A hydrologic 
model must first be able to accurately reproduce historical discharge before future changes 
can be studied. High importance must be placed on appropriate calibration procedures as 
more uncertainty is introduced when modeling streamflows under future climate scenarios. 
3 
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Global Climate Models 
There are a number of research centres around the world that produce and maintain 
global climate models (GCM's) and support the activities of the Intergovernmental Panel on 
Climate Change (IPCC). The output of GCM's and use of climate change scenarios is a 
highly debated topic among scientists: questions arise as to how GCM's can be used in 
research to predict future climate if the model cannot accurately predict the present climate. 
A large area of research surrounds improvements to GCM parameterization and components. 
Since the IPCC 3rd assessment report the Program for Climate Model Diagnosis and 
Intercomparison (PCMDI) has enabled GCM model output to be inspected and scrutinized by 
researchers from around the world that are not involved in producing GCM output (Randall 
et al., 2007). This has allowed for increased communication and correction of model error. 
While GCM data is too coarse to be used at a regional level, various downscaling 
methods have been developed in order to simulate future climate at a local scale (Wilby et al. 
2004). As part of this thesis is to examine future streamflow under climate scenarios, a 
downscaling method must be applied to GCM data for this study. In addition, it is 
recommended that researchers use output from multiple models or alter internal model 
parameters within an acceptable range to generate multiple ensembles from one GCM 
(Meehl, 2007). By using multiple model ensembles researchers are able to capture the range 
in the predicted forecasts. While work is still ongoing around GCM improvements, this 
study will use climate data from a number of GCM's in accordance with the latest IPCC 
guidelines. 
4 
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Thesis Outline and Study Objectives 
There are three main objectives of this thesis: 
(a) to review hydrologic models currently used in snow dominated watersheds and select and 
test a hydrologic model that can run on limited input data while accurately reproducing 
streamflow in a small northern BC watershed. 
(b) to investigate possible changes to future streamflow in a select northern BC watershed 
under various climate scenarios outlined by the IPCC, and 
(c) to investigate possible changes to flow regime under extensive harvest of mountain pine 
beetle stands in a small to medium sized BC watershed. 
The remainder of this thesis is written in chapters, each chapter addressing a study 
objective. Chapter two is a literature review of hydrologic models used in snow dominated 
mountain watersheds. Based upon the literature review conclusions, two hydrologic models 
are selected and tested as outlined in Chapter three. Chapters two and three address study 
objective (a). Chapter four examines hydrologic modeling of a northern BC watershed under 
various climate change scenarios, fulfilling study objective (b). Chapter five examines 
changes in flow regime of a medium sized BC watershed that has been extensively harvested 
due to the mountain pine beetle infestation; Chapter five fulfills study objective (c). And 
lastly, Chapter six presents conclusions and future research directions. 
5 
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CHAPTER 2 LITERATURE REVIEW 
2.1 INTRODUCTION 
The purpose of this review is to (1) investigate hydrologic models that are appropriate 
for snow dominated mountain watersheds in BC and (2) to select a hydrologic model that can 
be obtained and tested for the purpose of researching climate change and harvesting activities 
in northern BC. The model must be able to run on limited input data and have sufficient 
snow routines to capture snowmelt hydrology. Also important is the balance between the 
number of physically based parameters and the amount of calibrated parameters. Increasing 
the number of physically based parameters while limiting the amount of calibrated 
parameters places pressure on the reliability of the physical data. Wang et al. (2006) 
suggested that finding a balance between physical and calibrated parameters can often lead to 
over and under fitting of hydrologic models. 
This review looks at hydrologic models that may be suitable for northern BC 
according to the following format: a brief history of watershed modeling, an introduction to 
distributed models, semi-distributed models and models previously used in Canada, a ranking 
of hydrologic models, and conclusions regarding model selection. 
2.2 HYDROLOGIC MODELS - A BRIEF HISTORY 
With the introduction of computing during the 1960's, engineers at the time began to 
design and develop various hydrologic models. Engineers at the University of Iowa 
produced what is commonly referred to as the first watershed hydrologic model, the Stanford 
Watershed Model (SWM) (Crawford and Burges, 2004). The SWM was the first piece of 
software in the engineering and computer modeling field to publish and use the Formula 
Translation (FORTRAN) programming code (Crawford and Burges, 2004). The use of 
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computers provided an increased speed of calculation and storage of data that was otherwise 
time consuming. Hydrologic modeling was originally focused on aspects of engineering 
infrastructure design such as reservoirs and bridges (Chen, 2004). Today watershed 
modeling has expanded to simulation in water quality and quantity parameters. 
Watershed models can be generally categorized as lumped, semi-distributed and fully 
distributed models. As lumped models incorporate parameters that do not vary in time or 
space they will not be discussed here. Semi-distributed models allow parameters to partially 
vary in space and use calibration parameters during validation. They are useful when a full 
range of physical measurements are not available. Distributed models are generally the most 
accurate models with parameters varying fully through space and have extensive data 
requirements. However, the number of catchments that can provide the data needed for 
distributed models is rare. 
2.3 DISTRIBUTED HYDROLOGIC MODELS 
1. SWAT 
Since the development of the SWM, there have been hundreds of hydrologic models 
developed all around the world. Only one distributed model was found to incorporate snow 
processes and have potential for use in BC. Developed in the United States during the 
1990's, the Soil and Water Assessment Tool (SWAT) is a physically based distributed 
watershed model developed with the primary purpose of assessing agricultural impacts in 
large watersheds (Arnold and Fohrer, 2005). SWAT has been successfully applied to 
watersheds in Africa, Switzerland and the United States (Chaponniere et al. 2008, Abbaspour 
et al. 2007, Arnold et al. 1999). More recently, many improvements have been made to 
SWAT such as integrating the use of Geographic Information Systems (GIS). However, as 
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Arnold and Fohrer (2005) have pointed out that the use of snowfall and snowmelt algorithms 
in SWAT are still being improved and tested. SWAT, while achieving success in over 14 
countries worldwide, appears to be data intensive. Since SWAT is a physically based model, 
the amount of data required can be a limiting factor for successful application (Li et al. 
2008). Applying SWAT to simulate rainfall-runoff processes from watersheds in BC would 
be unrealistic due to the limited data available. 
2.4 SEMI-DISTRIBUTED HYDROLOGIC MODELS 
1. HEC-HMS 
The United States Army Corps of Engineers developed a Hydrologic Engineering 
Centre (HEC) after World War II - engineers during wartime were often involved in water 
resource development projects. The engineering centre provided an environment for 
knowledge sharing. The HEC-1 model was developed by the engineering centre for the 
purpose of simulating rainfall-runoff associated with storm events (Sui, 2005). Today, 
Hydrologic Engineering Centre Hydrologic Modeling System (HEC-HMS), the version 
following HEC-1, is widely used throughout industry as a standard model for hydrologic 
analysis. The main drawback of HEC-HMS is that it is classified as a lumped parameter 
model, meaning that average values for parameters are used across the watershed. Some 
studies have, however, divided watersheds into sub-basins and applied HEC-HMS in a semi-
distributed manner (Mimikou et al., 1995; Muzik, 2002). The success of applying a semi-
distributed version of HEC-HMS will depend on the heterogeneity of the watershed. The 
model software can be downloaded from the HEC website free of charge. However, technical 
assistance is only provided to corps members. 
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2. GeoSFM 
Scientists at the U.S. Geological Survey Earth Resources Observation and Science 
(USGS EROS) Center developed the Geo Spatial Stream Flow Model (GeoSFM) during the 
last decade for the purpose of flood forecasting. The USGS identified the need for a 
watershed model in areas with limited data that were subject to natural hazards such as 
flooding. The primary purpose of the model is to simulate hydrology in larger basins with 
the use of global data sets (Artan et al., 2007). GeoSFM operates in an ArcView 
environment and requires input data in GIS formats. Model inputs include soil and land 
cover data, precipitation and evaporation data and a digital elevation model of the basin 
(Mutie et al., 2006). Input data is derived from remote sensing. Rainfall estimates are 
derived from satellites such as the Climate Prediction Center morphing method (CMORPH) 
satellite, which has the capability of measuring precipitation. Soil and land cover data are 
usually derived from remote sensing of Land Remote Sensing Satellite (LANDSAT) images. 
The GeoSFM consists of six modules: terrain analysis, water balance, parameter estimation, 
data pre-processing, flow routing and post-processing (Artan et al., 2008). GeoSFM has 
mostly been used in Southern and Eastern Africa for flood forecasting (Artan et al., 2007; 
Asante, 2007; Mutie et al., 2006; Mutua and Klik, 2007). At this time GeoSFM does not 
incorporate snow processes such as snow accumulation and melt. Due to the remote sensing 
data requirements, GeoSFM is applicable for data limited basins; however, it may be 
unsuitable for application in colder mountainous environments for lack of capability in 
modeling cold region processes. Presently, GeoSFM software is supplied through the USGS. 
It is likely that a fee is charged for model use as the USGS distributes a large number of 
models, most of which require user fees. 
9 
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3. MIAGE and others. 
The Mechanistic interpretation of Alpine Glacierized Environments model (MIAGE) 
is a relatively new hydrologic model that has been tested in two studies, by scientists in 
Switzerland (Perona et al., 2008; Perona and Burlando, 2008). MIAGE is designed for 
modeling glacierized environments but requires more testing in a variety of catchments 
before MIAGE can be used as a reliable forecasting tool in Northern BC. 
Modelling runoff in permafrost regions has also had some success. Kuchment et al. 
(2000) combined climate data and a series of algorithms representing cold region process for 
the purpose of modeling runoff. The authors produced a physically based distributed model 
for runoff generation that produced satisfactory results when applied to a watershed in Russia 
(Kuchment et al., 2000). 
2.5 WATERSHED MODELS APPLIED IN CANADA 
1. UBCWM 
A model developed through the University of British Columbia (UBC) is the UBC 
watershed model (UBCWM). This model was originally developed during the late 1970's 
for the purpose of forecasting the flows of the Fraser River. The model has been applied to 
mountain watersheds throughout BC (Druce, 2001; Loukas et al., 2002; Merritt et al., 2006; 
Micovic and Quick, 1999; Morrison et al., 2002; Whitfield et al., 2002). BC Hydro also uses 
the model for flood forecasting on most of the Province's dams (Micovic, 2005). The model 
works by incorporating area-elevation bands and precipitation inputs from point sources. 
Orographic precipitation gradients are applied to the data from one or two precipitation 
gauges and distributed throughout the elevation bands. The UBCWM can also be calibrated 
from only a few years of data (Singh, 1995). As the UBCWM was developed by a provincial 
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institution, it is assumed the model would be free for research purposes. Currently the model 
is not supported outside of UBC due to staff retirement. However, the model is still used 
throughout BC by industry and BC Hydro. 
2. HBV-EC 
The Hydrologiska Byrans Vattenbalansmodell Environment Canada model (HBV-
EC), is an extension of the HBV modeling family. The original HBV model was developed 
by the Swedish Meteorological and Hydrological Institute and has been successfully used in 
over 40 countries around the world (Bergstrom, 1995). The success of the original HBV 
model is attributed to users reporting model error as less than 20 percent (Singh, 1995). The 
HBV-EC model is classified as a conceptual streamflow model and divides the watershed of 
interest into elevation bands, climate zones, slope and aspect bands, and land use regions 
(Moore, 1993). There are 8 parameters that describe snow accumulation and melt and 5 
parameters that deal with glacial cover. The main difference in HBV-EC from the original 
model is the routing of water through glaciers (Moore, 1993). The model is simple to use but 
diverse in potential application. There are a large number of parameters that have no 
physical significance and have to be obtained by calibration. At this time, the HBV-EC 
model is free via download from Environment Canada's website. 
3. CRHM 
Recently, the Cold Regions Hydrological Model (CRHM) was developed by the 
University of Saskatchewan. CRHM was designed to simulate rainfall-runoff process in 
small to medium sized watersheds in cold regions. Since the model is still under 
development, there are few publications documenting CRHM's use. The model was first 
tested on Alberta's Little Bow River (Hedstrom et al., 2001). Since then researchers at the 
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University of Saskatchewan have focused on developing accurate model algorithms that 
represent cold regions. Presently, the model incorporates physically based hydrological 
process algorithms such as snow redistribution by wind, hill slope water movement over 
permafrost, and snow interception (Pomeroy et al., 2007). CRHM differs from most 
watershed models in that it is designed as a modeling platform from which many 
conceptually and physically based models can be created (Pomeroy et al., 2007). This is a 
major advantage of CRHM, since there is usually a lack of data and a significant amount of 
parameter and hydrological uncertainty in cold regions (Pomeroy et al., 2007). While there 
currently is no final version of CRHM, the use of the model is free for research purposes. As 
CRHM was developed in Canada for the purpose of modeling cold region hydrology, 
applying CRHM to the watersheds in BC appears to be a logical model choice. 
4. DHSVM 
During the 1990's, Mark Wigmosta of the University of Washington produced the 
Distributed Hydrology Soil Vegetation Model (DHSVM). DHSVM is a physically based 
distributed model that divides a watershed into areas called grid cells. At every time step, the 
model computes energy balance and water balance for each grid cell. The cells are 
connected through sub-surface and surface flow routing (Wigmosta et al., 2002). In total, the 
DHSVM incorporate seven modules, namely, snowpack accumulation and melt, 
evapotranspiration, canopy snow interception and release, saturated subsurface flow, 
unsaturated moisture movement, surface overland flow and channel flow (Wigmosta et al., 
2002). ARCINFO and GIS are central to the use of DHSVM as they are required for model 
set up and to analyze model output (Wigmosta et al., 2002). In BC and other areas of the 
Pacific Northwest, the DHSVM model has been used in a number of watersheds to model 
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changes in hydrology in relation to climate and forest cover (Alila and Beckers, 2001; Leung 
and Wigmosta, 1999; Schnorbus and Alila, 2004; Storck, 1998; VanShaar et al., 2002). The 
use of DHSVM is free for research purposes. The software is received through a request to 
the University of Washington. Technical support for use of this model is generally 
unavailable. However, instruction modules are available through the university website along 
with tutorials. The user interface of DHSVM can be complicated as it is intended for 
research purposes. 
2.6 ASSESSMENT OF HYDROLOGIC MODELS 
This purpose of this section is to compare the previously discussed hydrological 
models in a tabular format. Various evaluation criteria have been developed based upon 
requirements for hydrologic modeling in Northern BC (modeling of snow accumulation and 
melt) along with project requirements (cost and technical support). The ranking system used 
here is partially based upon methodology in a report put out by the Canadian Foundation for 
Climatic and Atmospheric Sciences (CFCAS) titled "Assessment of Water Resources Risk 
and Vulnerability to Changing Climatic Conditions" (Cunderlik, 2003). A goal of the project 
was to select an appropriate watershed model for assessing future change in water resources. 
Given the expertise of the project research team (Universities of Western Ontario and 
Waterloo faculty), the use of their methodology is appropriate for the purpose of this review. 
Some criteria in Table 1 are informative, stating key characteristics of the software 
while other criteria are ranked. The following are details on the ranking system used in Table 
1: 
• Spatial scale: rank [0-2], since watersheds of interest are primarily small to medium 
in size, models capable of simulating stream flow for only large watersheds were 
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ranked as a 0, 1 for medium to large and 2 for models that were flexible in spatial 
scale or specifically for small to medium watersheds. 
• Temporal scale: rank [0-2], data in regions of Northern BC is scarce and at best 
available at a daily time step. Models that have a flexible time step requirement are 
given higher ratings. Models with flexibility in time step requirement were given a 2, 
models with a daily time step were rated a 1 and models with less than daily or 
limited to event simulation were given zero. 
• Snow accumulation and melt: [0-1], given that modeling snow accumulation and melt 
is an important process to cold regions (Pomeroy et al., 2007), models incorporating 
snow accumulation and melt were rated 1 and models that did not incorporate this 
process were given a zero. 
• Interception and infiltration: rank [0-1], if process was modeled then it was ranked 1, 
if not modeled given a zero. 
• Continuous simulation-stream flow: rank [0-1], some models are specific to event 
simulation; continuous stream flow is a requirement of this project. Models with the 
ability to simulate continuous stream flow were ranked 1, models without the ability 
were given zero. 
• Cost, rank [0-2], software that is free for research purposes or public domain was 
ranked 2, software 1,000 dollars or less was given a 1 and software over 1,000 was 
ranked zero. 
• User friendly: rank [0-2], only one model included in this review has actually been 
used by myself (CRHM). Information regarding the user friendliness of all the 
models reviewed was taken from a variety of sources, journals, websites, reviews, 
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online tutorials, and technical and user manuals. Software that only provided code 
and command line programming, requiring extensive knowledge for set up was rated 
a zero. Models that provided a windows user interface and preliminary results could 
be obtained in less than two weeks were rated 1. Models that incorporated a windows 
environment with drop down menus along with GIS extensions to produce maps were 
rated 2. 
• Technical support: rank [0-2], if technical support was provided for the model it was 
ranked 2, if tutorials or practice examples were available through the internet the 
model was ranked a 1, if not technical support was available the model was given a 
zero. 
• Documentation-, rank [0-2], models that were supported by user manuals were ranked 
2, models that were supported by extensive website or tutorial information were 
ranked 1, and models with no supporting documentation were ranked 0. 
• Advantages and disadvantages: pros and cons about the modeling software. 
• References: key references for the model 
• Unknown criteria: information that is unknown about the modeling software is stated 
as 'unknown' in the table. The rank given to unknown criteria is the median value so 
to avoid skewing the final rating either too high or too low. 
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Table 1. Assessment of hydrologic models 
Model SWAT HBV-EC 
(part of HBV 
model family) 
HEC-HMS Geo-SFM DHSVM UBCWM CRHM 
Spatial scale Large 
[0/2] 
Flexible 
[2/2] 
Flexible 
[2/2] 
Flexible 
[2/2] 
Small-medium 
[2/2] 
Flexible 
[2/2] 
Flexible 
[2/2] 
Temporal scale Daily 
[1/2] 
Daily 
[1/2] 
Flexible 
[2/2] 
Daily 
[1/2] 
Daily and sub-
daily 
[1/2] 
Daily 
[1/2] 
Flexible 
[2/2] 
Process 
modelled: 
snow acc. and 
melt 
Yes 
[1/1] 
Yes 
[1/1] 
Yes 
[1/1] 
No 
[0/1] 
Yes 
[1/1] 
Yes 
[1/1] 
Yes 
[1/1] 
Interception and 
infiltration 
Yes 
[1/1] 
Yes 
[1/1] 
yes 
[1/1] 
Infiltration only 
[0.5/1] 
Yes 
[1/1] 
Infiltration only 
[0.5/1] 
Yes 
[1/1] 
Continuous 
simulation-
stream flow 
Yes 
[1/1] 
Yes 
[1/1] 
Yes 
[1/1] 
Yes 
[1/1] 
Yes 
[1/1] 
Yes 
[1/1] 
Yes 
[1/1] 
Cost Free-public 
domain 
Free for 
research, cost 
for commercial 
Free-internet 
download 
Unknown Free for 
research 
purposes 
Free for 
research 
purposes 
Free for 
research 
[2/2] [2/2] [2/2] [1/2] [2/2] [2/2] [2/2] 
User friendly Low 
[0/2] 
high-windows 
interface 
[2/2] 
Medium 
[1/2] 
High-ArcView 
environment 
[2/2] 
Low 
[0/2] 
Simple 
[2/2] 
High-
windows, 
drop down 
menus 
[2/2] 
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Model SWAT HBV-EC HEC-HMS Geo-SFM DHSVM UBCWM CRHM 
(part of HBV 
model family) 
Documentation- Good- user High-tutorial User manual User manual Website with None Extensive 
user manual, manual, document with and technical forum and help files 
online tutorials theoretical data files, user manual, numerous and search 
etc. documentation manual. excellent level summary function 
of detail documents built into 
model 
software, 
[2/2] [2/2] [2/2] [2/2] [1/2] [0/2] [1/2] 
Technical High-extensive Provided by No support for Likely none A few online Likely none, Available 
support website Environment public/research. tutorials UBC faculty through IP3 
supported by Canada through Technical available member whom network 
USDA their website support only through supported http://www.u 
Agriculture htto://www.nrc- provided to US University of model has sask.ca/ip3/. 
Research cnrc.sc.ca/eng/i Army Corp Washington retired, at contact-Julie 
Service bp/chc/software members. website. present time no Friddell 
htto://www.brc.t /kenue/ereen- htto://www.hvr replacement. ip3 .network 
amus.edu/swat/i kenue.html o.washineton.ed (a),usask.ca 
ndex.html u/Lettenmaier/ 
Models/DHSV 
M/index.shtml 
[2/2] [2/2] [0/2] [0/2] [1/2] [0/2] [2/2] 
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Model SWAT HBV-EC 
(part ofHBV 
model family) 
HEC-HMS Geo-SFM DHSVM UBCWM CRHM 
Additional 
Information: 
Advantages 
Public domain, 
widely used. 
Fairly low data 
input 
requirements, 
HBV model 
family widely 
tested in 40 
countries. 
Widely used 
throughout 
North America, 
proven success 
in many studies. 
Parameter 
calibration 
module 
commutes 
sensitivity 
analysis, 
effective for 
final calibration. 
Model 
simulation 
shown to 
produce 
accurate results. 
Requires only 
two input 
parameters. 
User can 
choose 
modules in 
accordance 
with data 
availability 
and purpose 
of model 
application. 
Disadvantages Extensive input 
data required 
Limited model 
output, 
streamflow and 
glacier melt. 
Modules are 
uncoupled-
infiltration and 
evaporation are 
calculated 
separately, 
rather than 
linked at the 
same time. 
Ability to model 
smaller basins is 
dependent upon 
satellite 
imagery 
resolution. 
Better suited for 
larger basins. 
Some input 
parameters ie. 
radiation may 
be difficult to 
obtain 
No longer 
formally 
maintained. 
New model, 
only 2 
publications. 
Currently, 
no provision 
for 
calibration. 
References Gassman et al., 
(2007) 
Moore, 1993. Prodanovic and 
Simonovic 
(2006) 
Artan et al., 
(2008) 
Wigmosta et al., 
(2002) 
Luo and Alila, 
(2006) 
Quick and 
Pipes, (1977) 
Pomeroy et 
al., (2007) 
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Model SWAT HBV-EC 
(part of HBV 
model family) 
HEC-HMS Geo-SFM DHSVM UBCWM CRHM 
Comments Used 
extensively in 
the United 
States, high 
degree of 
documentation. 
Originated in 
Sweden, used as 
standard 
forecasting tool. 
Code rewritten 
by Environment 
Canada for use 
in Canada 
Standard model 
of use for 
industry in the 
United States. 
ArcView 
extension 
required. 
Used in a 
number of 
studies in BC. 
Widely used in 
BC for research 
and by the BC 
hydro authority. 
Very flexible 
and user 
friendly, 
designed 
specifically 
for cold 
region 
hydrology. 
Total [10/15] [14/15] [12/15] [9.5/15] [10/15] [9.5/15] [14/15] 
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The main disadvantage of the SWAT model is that data requirements are intensive. 
The SWAT model would not be an appropriate choice for testing in northern BC watersheds 
as data available is limited. The HEC-HMS and DHSVM models have both been used in BC 
for flow simulation. Drawbacks to using these models are that the set up time and ease of 
use are not favourable if applying to multiple watersheds. The Geo-SFM model is simple to 
use with excellent documentation. Geo-SFM does not have the ability to model snow 
accumulation or melt and would not be appropriate for northern BC watersheds. The 
UBCWM is simple in design but lacking in the support and documentation criteria since the 
model is no longer supported outside UBC. The UBCWM has had high use and success in 
BC due to the model's simple design and low data requirement. 
Overall, CRHM and HBV-EC rank the highest and appear to both be the best 
selection of a hydrologic model to test in northern BC watersheds. The main drawback in 
selecting the CRHM is that the model is new and has not been widely used or tested. The 
CRHM software is easily downloaded and workshops are available for model training. The 
HBV-EC model is well adapted for modeling flow in mountain regions. The main advantage 
in using the HBV-EC model for this project is that the model is fairly easy to use. For one 
watershed simulation, set up time can be less than 1 week (not including calibration). 
2.7 CONCLUSION 
The purpose of this review was to discuss various watershed models that may be 
appropriate for application in small, snow dominated mountain watersheds in northern BC. 
Based on the ranking scheme used in this review, two watershed models, CRHM and HBV-
EC seem to be most appropriate for simulating changes in streamflow under climate 
scenarios and harvest scenarios for northern BC watersheds. Both models will be explored 
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to understand their data requirements, ease of use and practicality. Based upon the 
experience of obtaining and using the software, one model will be selected and used for this 
research project. 
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CHAPTER 3 
TESTING OF THE HBV-EC AND CRHM HYDROLOGIC MODELS. 
3.1 INTRODUCTION 
The purpose of this Chapter is to (1) summarize the advantages and disadvantages of 
both the HBV-EC and CRHM models as discovered through download and model use, (2) 
communicate why the HBV-EC hydrologic model was chosen for this study and, (3) 
summarize key elements of the HBV-EC model structure. 
3.2 METHODOLOGY 
Software for HBV-EC and CRHM models was obtained - the HBV-EC model was 
downloaded through Environment Canada's Green Kenue platform, while software for 
CRHM was obtained through participation in a modeling workshop put on by the Improving 
Processes and Parameterization for Prediction in Cold regions (IP3) network. CRHM can 
also be downloaded by contacting staff at the IP3 network. 
Both models were compared in order to understand the data requirements, set-up, run 
times and ease of use. Model feasibility was summarized; the most appropriate hydrologic 
model for this study was selected. All conclusions made regarding model use were based 
upon the hydrologic software version available up to January 2009. Software updates past 
this point were not investigated for this thesis. 
3.3 MODEL ADVANTANGES AND DISADVANTAGES 
3.3.1 Cold Regions Hydrologic Model (CRHM) 
The Cold Regions Hydrologic Model, produced out of the University of 
Saskatchewan in 2006, is a relatively new software package. The GIS component of CRHM 
does not allow the user to manipulate or create land classifications within the user interface 
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of the CRHM platform. The user must complete all land classifications separately and 
ensure proper file formatting before loading into CRHM. While forest and vegetation GIS 
classifications are completed for most of BC, the file conversion and classification into 
CRHM can be time consuming. 
CRHM is a very diverse model for applications in cold regions. From blowing snow 
transport to glacial melt and permafrost interactions, CRHM can simulate a wide variety of 
processes; however, the model may be over complicated for the needs of this thesis. The 
amount of data available in northern BC is usually limited to temperature and precipitation. 
In order to use CRHM to its full extent, additional data is required. 
The user must decide first whether they want to utilize pre-existing modules within 
the CRHM platform or build a module. Module building requires knowledge of C++ 
program code and can be time consuming. Pre-existing modules are very useful; however 
the 'flow' and 'route' modules to be used in stream flow simulation can become complicated 
as they require loading of other modules to run- which can then lead to increased data 
requirements. 
In order to forecast streamflow relative humidity and atmospheric pressure are 
needed. These two data sets are not always measured at climate stations around BC. The 
lack of data available in northern BC does not allow use of CRHM for this thesis. 
3.3.2 Hydrologiska Byrans Vattenbalansmodell -Environment Canada (HBV-EC) 
The HBV-EC model was developed through collaborative efforts between 
Environment Canada and the University of British Columbia (UBC) and has been in 
operation for approximately the past 9 years. The HBV-EC model is specifically tailored to 
operate in conjunction with weather stations supported by Environment Canada and flow 
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data supported by Water Survey of Canada. Weather station data can either be directly 
loaded into the HBV-EC model platform, or a 'met' file can be created from templates 
provided within tutorial documentation. The HBV-EC model has the ability to model glacial 
processes and stream discharge. 
A major advantage in using the HBV-EC model is that the user is able to classify a 
watershed by loading satellite images and digitizing land class areas. This gives the user 
more flexibility when researching how land use change may impact streamflow. The 
disadvantage of being able to manually digitize land class areas is that for a large watershed 
(over 500 square kilometres in area), this process can be quite time consuming. Also, HBV-
EC can only digitize land areas as 'open', 'forest', 'glacier' or 'lake'. The second main 
advantage of HBV-EC is that the model only requires temperature, precipitation and 
evaporation as input data in order to simulate streamflow. Temperature and precipitation is 
available in select areas of northern BC. 
3.3.3 Tabular comparison of models 
For the purpose of this thesis, the HBV-EC model will be used to simulate 
streamflow under climate change and harvest scenarios. The HBV-EC hydrologic model is 
quite simple in comparison to CRHM. The amount of data required to run CRHM is high-
hence there is no provision for calibration in CRHM. This could potentially lead to issues if 
the modeled streamflow does not agree with the observed streamflow. HBV-EC has 34 
parameters that require calibration. Table 2 summarizes the anticipated time for data 
preparation and running of each model. 
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Table 2. Comparison of CRHM and HBV-EC hydrologic models. 
Cost 
Time 
for 
data 
prep. 
Run 
time: 
specific 
to flow 
Minimum data 
requirements 
for flow 
simulation 
Ease of 
use 
Model 
development 
CRHM Free for 
research 
1 day or 
more 
Less than 
1 minute 
Precipitation, 
temperature, 
relative 
humidity, 
atmospheric 
pressure, soil 
type, vegetation 
type 
Moderate, 
module 
building is 
trial and 
error. 
High-specific 
to processes 
in cold 
regions, not 
focused on 
stream flow 
simulation. 
HBV-EC Free 
download 
1 day or 
more 
Less than 
1 minute 
Precipitation, 
temperature, 
SWE, rainfall, 
evaporation, 
land 
classification 
Very easy 
to 
understand 
and use, 
minimal 
GIS 
experience 
needed. 
High-specific 
to 
forecasting 
future stream 
flow. 
3.4 DISCUSSION: HBV-EC MODEL STRUCTURE 
The HBV-EC model is classified as a semi-distributed, conceptual hydrologic model. 
The original HBV model was developed by the Swedish Meteorological and Hydrological 
Institute (SMHI). Quite a few improvements and alterations have been made to the HBV 
code which have produced new versions of the HBV model that are all considered part of the 
'HBV family'. Dan Moore, geography professor at UBC, developed a glacial routine for the 
HBV model and provided the source code to Environment Canada. The Canadian version, 
HBV-EC, has been used in a number of studies in BC (Boon, 2009; Canon, 2006; Hamilton 
et al., 2000; Moore and Hutchinson, 2006; Stahl et al., 2008; Werner, 2007). The following 
paragraphs are a brief description of the HBV-EC model structure, as papers by Bergstrom 
(1995), Lindstrom (1997) and Moore (1993) have already described model structure and 
routines in great detail. 
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3.4.1 Water balance 
The general water balance equation used within the model is (Bergstrom, 1995): 
P - E - Q = jt[SP + SM + UZ + LZ + lakes] 3.1 
where "P" is precipitation, "E" is evaporation, "Q" is runoff, "SP" is snowpack, "SM" is soil 
moisture, "UZ" is the upper groundwater zone and "LZ" is the lower groundwater zone and 
lakes is the lake volume. 
The model requires monthly evaporation, temperature, rainfall and snowfall at a daily 
time step in order to run. The user is able to classify the basin into 4 simple land categories-
forest, open, lake and glacier. The model also divides the drainage basin into elevation bands 
in accordance with the digital elevation model used. Through various model routines HBV-
EC is able to simulate discharge, glacial ice melt, glacial water storage and glacier discharge. 
3.4.2 Precipitation and temperature 
The threshold temperature (TT) determines the dominant precipitation occurring in 
each elevation band. The model also allows for both rain and snow to occur within a 
temperature interval (TTI) that can be adjusted around the threshold temperature. The 
fraction of rainfall and snowfall reaching the ground through the forest canopy is treated as a 
fraction of total precipitation reaching the ground. The rain and snow reaching the ground is 
governed by adjusting the TFRAIN and TFSNOW parameters. Snow melt is based upon a 
temperature index approach (Bergstrom, 1995). Snow melt is treated differently in open and 
forested areas. The water holding capacity of the snow (WHC) can be adjusted; if the 
snowpack capacity is exceeded and the water is not frozen, the excess may be released to soil 
moisture storage or to a glacial ice surface (Moore, 1993). 
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3.4.3 Evaporation and soil routine 
The model calculates soil moisture differently for forested and open areas in each 
elevation zone. The soil field capacity (FC) and soil moisture content (LP) can be set; if the 
amount of water exceeds field capacity the water is treated as surface runoff (Hamilton, 
2000). Surface runoff for all open and forested areas is summed and added to the fast 
(stormflow) and slow (baseflow) reservoirs (Hamilton, 2000). Evaporation is based upon the 
potential evaporation values supplied as input data and the soil moisture content. 
Evaporation from open sites only occurs when there is no snow cover and evaporation from 
lakes occurs when there is no ice cover; the model assumes lakes are frozen when the air 
temperature is below zero (Lindstrom, 1997). 
3.5 CONCLUSION 
Although the HBV-EC is a simple hydrologic model in design, it is appropriate for 
this study as it has been used extensively in snow dominated watersheds around the world 
(Lindstrom, 1997). While CRHM maintains a high level of detail for modeling snow 
processes in cold regions, the amount of data required to run the model is just not available in 
northern BC. Also, since CRHM is data intense that there is no provision for calibration. 
The HBV-EC model is very user friendly as it comes with a tutorial document and a user 
manual. The next two chapters describe the use of the HBV-EC model under climate change 
and harvest scenarios. 
27 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
CHAPTER 4 
THE IMPACT OF CLIMATE CHANGE ON STREAMFLOW IN THE GOATHORN 
CREEK WATERSHED, TELKWA, BRITISH COLUMBIA 
4.1 INTRODUCTION 
The town of Smithers, population 5217, borders BC's Interior Mountain Range and 
falls in the Bulkley Valley (Statistics Canada, 2007). The village of Telkwa is located just 12 
kilometres south of Smithers. Telkwa, along with additional outlying villages in the 
Regional District of Bulkley-Nechako (RDBN), constitute a regional population of 
approximately 20,000 people (Statistics Canada, 2007). The economy of Smithers is 
supported by forestry, mining and agriculture, all industries which depend on water for 
aspects of operation. A portion of the regional population is employed by the town's sawmill 
and particle board mill, run by West Fraser Timber and Northern Engineered Wood 
Products. Two mines, the Endako and Huckleberry mines currently employ a portion of the 
regional population, and there are a number of applications currently with the provincial 
government for mineral development in the area (RDBN, 2010). The area is rich in 
agriculture with a number of dairy farms, and crops consisting mainly of hay and oats. 
Hudson Bay Mountain is a popular ski destination that overlooks the town of 
Smithers. In recent years tourism has increasingly contributed to the area's economy. In 
2008 a three phase plan, the 'Ski and Ride Smithers Master Plan', was submitted and 
approved by the Province of BC to develop the ski hill to include more runs and to develop 
Smithers into a premier skiing destination within BC (RDBN, 2010). 
If the ski hill expansion is successful and mineral development is approved, Smithers 
may experience an economic surge within the next 10 years. Increase in population and 
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industry within the Bulkley Valley will put an increased demand on water for consumption 
and industrial applications; an increase in population and industry will also likely lead to 
increased levels of Carbon Dioxide (CO2). In a time of changing climate, the amount of 
water flowing in areas of northern BC is of importance to government resource managers. 
The IPCC's working group summarized the anticipated impact of warming temperatures in 
regions of North America: the timing and amount of precipitation in BC is likely to change 
and lead to significant reductions in the winter snowpack (Bates et al., 2008). 
A number of studies have examined warming trends and potential hydrologic 
impacts. Lueng and Wigmosta (1999) documented a warming of 1-3 degrees Celsius over 
the past century in the Pacific Northwest. Skinner and Gullet (1993) found temperatures in 
the Mackenzie River Basin have increased at a rate of 1.7 degrees Celsius over the past half 
century. Morrison et al. (2002) found that when modeling climate change impacts on the 
Fraser River watershed, peak spring flows were forecast to occur up to 24 days earlier in the 
season. 
The purpose of this thesis chapter is to examine how streamflow in the Bulkley 
Valley region may change under various future climate scenarios. The Goathorn Creek 
watershed in Telkwa was selected as a study watershed as it has over 40 years of streamflow 
records and is relatively undisturbed from logging and industrial impacts. Changes in the 
Goathorn Creek streamflow will be examined by forcing the HBV-EC hydrologic model 
with various downscaled GCM scenarios. 
4.2 STUDY AREA - GOATHORN CREEK WATERSHED 
The Goathorn Creek watershed is located in Telkwa, BC. Goathorn Creek flows 
north into Tenas Creek which flows into the Telkwa River (Figure 1). The watershed is 126 
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square kilometres in size with elevations ranging from 577 metres near the mouth to 2289 
metres in the headwaters. The watershed encompasses 3 biogeoclimatic zones, Sub-boreal 
Spruce (SBS) and Engelmann Spruce-Subalpine Fir (ESSF) in the lower to mid elevations 
with Alpine Tundra (AT) being dominant in the headwaters. The Goathorn Creek watershed 
is typical of many small mountain watersheds in the area- minimal logging has occurred over 
the last 50 years and domestic and agricultural land use is low as is the population. 
Smithers 
Creek WSC 
: ?! 
Legend 
£\, weather station 
£& Gauging station 
Prepared by Faye Krol, 
3eoBC 1:7.500.00 base map 
Kilometers  
Figure 1. Study region, the Goathorn Creek watershed and surrounding area. 
4.3 METHODOLGY 
The HBV-EC model was set up for the Goathorn Creek watershed and calibrated on 
40 years of streamflow data. Once satisfactory calibration was achieved, various downscaled 
GCM scenarios were used to force the model and obtain estimates of future streamflow from 
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2010 to 2100. Hydrographs resulting from various GCM scenarios are compared to the 
baseline hydrograph. The baseline hydrograph is the measured Goathorn Creek streamflow 
from 1961 to 2000. Details of models set up, input data and statistical analysis are discussed 
below. 
4.3.1 Model set up and data 
A 1:50,000 digital elevation model (DEM) from the Geobase website was loaded into 
HBV-EC and draped over the watershed. Channel routing, basin delineation, slope, aspect 
and elevation bands were developed based upon the DEM. A LANDSAT 7 image taken in 
2000 downloaded from Geobase website was then used to manually classify the Goathhorn 
Creek watershed into land classes (Table 3). 
Table 3. Land classes in the Goathorn Creek watershed. 
Forest Open Glacier Lakes 
95 km2 27 km2 0.8 km2 0.1 km2 
A meteorological input file consisting of precipitation, temperature, snowfall and 
evaporation was developed using data from 1961-2000 from the Smither's Airport weather 
station (Climate ID # 1077500). At 20 kilometres away, the Smither's Airport weather 
station was the closest climate station that was able to provide quality long term weather 
data. There are records for a number of weather stations located in the area of Telkwa, 
unfortunately the Telkwa stations collected data for only a few years. Weather data for the 
Smithers Airport was downloaded from the National Climate Archives of Canada (NCAC) 
website. Weather data provided through NCAC is quality checked before it is loaded onto 
the website. In cases where values of precipitation, temperature or snowfall were missing, 
the average values from the surrounding days were used. 
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As no evaporation data was available through the airport weather station, the Hamon 
method was used to calculated average monthly evaporation values for the 1961-2000 time 
period. The Hamon method is a temperature based method of calculating potential 
evaporation (Hamon, 1961): 
ET = 0.55 D2Pt 4.1 
where ET is potential evaporation, D is the hours of daylight in a given day, measured in 12 
hour units and Pt represents the saturated water vapour density, given by the following 
equation: 
4.95e(a62Ta) 
Pt = — 4.2 
100 
where Ta is the air temperature in degrees Celsius. Average hours of daylight for the time 
period were taken from the climate normals calculated for the Smither's Airport weather 
station. 
The meteorological input file was loaded into HBV-EC and the model was run 
repeatedly to ensure consistent streamflow values were observed (as expected with a 
deterministic model). Measured streamflow data was then loaded into HBV-EC using the 
HYDAT-2005 compact disc downloaded from the Water Survey of Canada (WSC) website. 
Modeled streamflow was then compared to WSC data and calibration was completed as 
discussed in the next section. 
4.3.2 HBV-EC calibration 
Proper calibration is the most important step in ensuring HBV-EC is accurate in 
simulating stream flow. The period from 1981-2000 was chosen for calibration, and the 
period from 1961-1980 for model validation. These time periods for model testing were 
chosen because of the different precipitation and temperature regimes experienced: the 
32 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
calibration period, 1981-2000 was colder and dryer in comparison to the validation period 
(Table 4). 
Table 4. Average snow, rain and daily temperature recorded at the Smithers airport weather 
station for the periods 1981-2000 and 1961-1980. 
Average snow 
(mm) 
Average rain (mm) Average daily 
temperature (Celsius) 
Calibration 1981-2000 9.0 1.38 7.45 
Validation 1961-1980 10.3 1.46 7.73 
Calibration was completed by both quantitative and qualitative methods. Qualitative 
measures were achieved by adjusting the 34 parameters so the visual comparison of the 
observed and modeled discharge values was of the same magnitude and timing. The 
'rainfall/snowfall correction factor' parameters were adjusted first so to achieve appropriate 
magnitude and timing of peak flows. The 'runoff parameters under 'parallel' routing were 
adjusted next. The remainder of the parameters were then adjusted so there was general 
agreement between the modeled and observed discharge for the entire year. Calibration 
parameters were also compared to those used in other studies to develop an understanding of 
acceptable ranges in parameter values (Boon, 2009; Hamilton et al., 2000; Moore, 1993). 
See Appendix 1 for a complete list of parameter values used in this study. 
Calibration accuracy was also judged according to quantitative measures as outlined by 
the following statistical tests: 
a. Nash-Sutcliffe model efficiency coefficient (NSE) is the standard test that is used 
throughout the literature to judge the accuracy of model output (McCuen et al., 2006). It 
is important to note that the NSE can be calculated based upon daily discharge values or 
monthly discharge values. Calculating the NSE based upon the monthly averages will 
produce higher NSE values in comparison to using daily discharge values to calculate 
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NSE (reduced variance). According to the literature, model calibration and validation is 
considered satisfactory when NSE values based on monthly flow are 0.80 or greater 
(Singh, 2004). Calibration and validation is considered satisfactory when NSE values 
based upon daily flow are 0.70 or greater (Singh, 2004). For this study all goodness of fit 
statistics were calculated based upon daily discharge values. An efficiency coefficient of 
1.0 being a perfect match between modeled and measured discharge. The Nash-Sutcliffe 
efficiency is calculated as follows: 
NSE = 1 - ^=l(Qo ~ Qm)2 4 3 
Z I U ( Q o  -  Q o ) 2  
where Q0 is observed discharge and Qm is modelled discharge (Nash and Sutcliffe, 1970). 
b. The coefficient of determination R2 is defined as the square of the correlation coefficient 
(Krause et al., 2005). This measures how close the dispersion of the modeled values is to 
the dispersion of the observed values. A value of 1.0 represents equal amounts of 
dispersion in the observed and measured values. The coefficient of determination is 
given by the following equation: 
g-1 ( . Q o - Q ~ c K Q m - Q Z )  4 4  
JsU(Qo - Qo)2 JsU(Qm - Qm)7 
c. The root mean square error is a measure of the typical error in discharge in units of cubic 
metres per day. The root mean square is given by the following equation: 
RMSE 
U Q m  ~  Q o ) 2  4 5  
n 
where n is the sample number (the number of days over which discharge is being 
measured). A value of zero indicates a perfect fit. Values less than half the standard 
deviation are considered low (Singh, 2004). 
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d. The mean volume error (MVE) is a comparison of the measured and simulated volumes. 
Values of mean volume error should be less than 10 percent as an acceptable modeling 
standard. Values of 10 percent or less are considered 'very good' while errors between 
10% and 15% are considered a 'good' (Hummel et al., 2003). The mean volume error is 
calculated as follows: 
Qo ~Qn M V E  =  4.6 
Qo 
Once acceptable qualitative and quantitative measures were achieved through calibration, the 
model parameters were not altered for the validation period. 
4.3.3 Emission scenarios and climate models 
4.3.3.1 Emissions Scenarios 
Three climate change scenarios were used to model future streamflow of Goathorn Creek. 
The climate scenarios, as described in the IPCC-TGICA (2007) report are as follows: 
1. A2 storyline: The A2 emissions scenario is a world that experiences a population of 15 
billion by 2100, a temperature increase of 3.8 degrees Celsius and 2.1 times the CO2 as 
was present in the year 2000. In this scenario the world experiences slow technological 
change and global environmental concerns are weak. The income gap between the rich 
and poor remains and there is little international co-operation between nations. 
2. B1 storyline: The B1 storyline is a world that experiences a global population peak 
around 2050 and a world population of 7 billion by 2100. Carbon levels are 1.5 times the 
CO2 concentration in the year 2000 and the temperature increases by 2.0 degrees Celsius 
by the end of the century. Governments, business and industry are concerned with 
sustainable development and technology plays an important role. The income gap closes 
and people are generally more environmentally and socially aware. 
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3. A1B storyline: The A1B storyline is a world that falls between the B1 and A2 worlds. 
The A1B world experiences a population of 7.1 billion by 2100, CO2 levels increase 2.0 
times what they were in 2000 and temperature increases by 2.9 degrees Celsius. 
These emissions scenarios were originally published by the IPCC in 2000 as part of 
the Special Report on Emissions Scenarios (SRES). The goal of constructing the scenarios 
was to look at future developments on a global scale in relation to greenhouse gas and 
aerosol emissions. The SRES scenarios were designed for a world where no government 
policies would be developed to mitigate climate change issues. 
4.3.3.2 Global Climate Models 
Four Global Climate Models (GCM's) were used in this study to generate the A2, B1 
and A1B emissions scenarios: (1) the 3rd version of the Coupled Global Climate Model 
(CGCM3) out of the Canadian Centre for Climate Modelling and Analysis, (2) the newest 
version of the European Centre Hamburg Model (ECHAM5) developed out of the Max 
Planck Institute for Meteorology in Germany, (3) the Commonwealth Scientific and 
Industrial Research Organization climate system model, version 3.0 (CSIROMK3.0) from 
Australia, and (4) the Geophysical Fluid Dynamics Laboratory, National Oceanic and 
Atmospheric Administration, global coupled climate model, version 2.1 (GFDL-CM2.1). 
GCM data for this study was provided by the Pacific Climate Impacts Consortium (PCIC). 
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Table 5. Summary of GCM's and emission scenarios used to model future streamflow. 
GCM Member (different 
initial conditions) 
# ensembles Emissions 
scenario 
Years 
projected 
CGCM3 
1 
2 
3 
4 
5 
12 A1B 2010-2100 
CGCM3 
1 
2 
3 
4 
5 
12 A2 2010-2100 
CGCM3 
1 
2 
3 
4 
5 
12 B1 2010-2100 
ECHAM5 
1 
12 
A1B 
2046-2065, 
2081-2100 
1 A2 
2046-2065, 
2081-2100 
1 B1 
2046-2065, 
2081-2100 
GFDLCM2.1 
n/a 
12 
B1 
2046-2065, 
2081-2100 
n/a A1B 
2046-2065, 
2081-2100 
CSIRO-Mk3 n/a 12 B1 
2046-2065, 
2081-2100 
As indicated in Table 5 CGCM3 has five members for each of the emission scenarios. 
The GCM members represent different initial starting conditions for each model; 12 
ensembles were produced from each GCM member so to capture the natural variability of the 
modeling system (Trevor Murdock, personnel communication). 
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As GCM data resolution is too coarse to be directly applied to the Goathorn Creek 
watershed, the TreeGen statistical downscaling model was applied to all emissions scenarios. 
The TreeGen downscaling method uses the relationship between broad scale atmospheric 
variables and surface variables to produce future climate values (Stahl et al., 2008). For this 
study the TreeGen downscaling method used the Smither's Airport weather station for 
surface climate variables. 
For all GCM scenarios downscaled precipitation and temperature values were used. 
Precipitation that occurred during days with below freezing temperature was interpreted as 
snowfall, and average monthly potential evaporation was calculated by using the Hamon 
method. Upon successful calibration and validation of HBV-EC, meteorological input files 
were created for ensembles and run with HBV-EC. In this study, the three time periods 
simulated were 2010-2039, defined as "the 2020s", 2040-2069 defined as "the 2050s" and 
2070-2099 defined as "the 2080s". 
4.4 RESULTS 
4.4.1 HBV-EC calibration and validation results 
Figures 2 and 3 illustrate the observed and modeled flows for 1993-1996 during the 
calibration period and for 1973-1976 during the validation period (for effective graphics only 
4 years is shown even though calibration and validation periods were 19 years each). Table 
6 summarizes the statistics representing the goodness of fit for both the calibration and 
validation periods. The NSE was calculated based upon both daily and monthly streamflow 
values in order to demonstrate how the different sample sizes can alter the same goodness of 
fit test. The list of parameter values used for this study is included in Appendix 1. 
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HBV-EC reproduced streamflow during the calibration period, NSE 0.79, more 
accurately than that during the validation period, NSE 0.72; both however remain within the 
acceptable range based on using daily streamflow values (Table 6). All goodness of fit tests 
generated higher values during the calibration period in comparison to the validation period. 
The MVE for the validation period was 11.23 percent; values under 10 percent are 
considered 'very good' while values between 10 and 15 percent are considered 'good' 
(Singh, 2004). 
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Figure 2. Observed and modeled daily discharge for calibration period. 
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Figure 3. Observed and modeled hydrograph during the validation period. 
Table 6. Calibration and validation statistics based upon daily discharge values. 
Calibration Period: Validation Period: 
1981-2000 1961-1980 
Nash Sutcliffe Efficiency 0.79 0.72 
(NSE) monthly average: 0.88 monthly value: 0.83 
R2 0.91 0.88 
RMSE (m3/s) 0.98 1.15 
Mean Volume Error 9.71 11.23 
Standard Qobserved 2.20 2.29 
deviation Qmodeled 2.07 2.09 
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4.4.2 Future streamflow under AlB emissions scenario 
The AlB scenario is considered the 'middle of the road' scenario for emissions. The 
CO2 emissions fall between B2 (low) and A2 (high). Under the AlB scenario Goathorn 
Creek streamflow will peak earlier in the year (Figure 4). Within the last 40 years the 
streamflow peak (spring freshet) has occurred during the month of June; there is strong 
agreement among all GCM's that spring freshet flows will occur 1 month earlier in May. 
There is strong agreement between all GCM's during the 2020's, with increased variation in 
modeled discharge during the 2050's and 2080's. During the 2080's the most variation in 
forecasted flow occurs; HBV-EC predicts high April discharge with GFDLCM 2080 climate 
and high October flows with CGCM3.5 climate. 
There is a large range in the minimum and maximum mean annual discharge for the 
AlB emissions scenario (Figure 5). The minimum peak flows change slightly from 2.4 m3/s 
in 2020's to 2.5 m3/s during the 2080's. The maximum peak flows range from 8.6 m3/s in 
2020's to 8.8 m3/s in the 2080's. The value of peak discharge is up to 40 percent greater than 
the baseline for all time periods (Figure 5). 
41 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
A1B-2080's —• c@an35" 
| 
X Q£m33 
X cgm32 
0 Cg3Tl31 
—O— gftfcm 
H ethamSl 
base4Tel98>2C00 
A1B - 2050's 
6 
5 
4 
3 
2 
1 
0 
A1B - 2020's 
6 
5 
4 
3 
2 
1 
0 
Feb Mar April May June July Aug Sept Oct Nov Dec Jan 
Figure 4. Hydrographs for A1B emissions scenario. The 2020's only compares CGCM3 
with the baseline flow while the 2050's and 2080's includes GFDL-cm and ECHAM5.1. 
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Figure 5. Average, maximum and minimum discharge for Goathorn Creek under the AlB 
emissions scenario. Discharge values based upon climate generated from all GCM's were 
used to calculate average, maximum and minimum discharge. 
4.4.3 Future stream/low under A2 emissions scenario 
The A2 emissions scenario is considered the 'high' CO2 scenario. The projected CO2 
emissions are higher than the AlB scenario (middle) and the B1 scenario (low). Similar to 
the AlB discharge, there is a strong agreement between all GCM's for projected streamflow 
during the 2020's under the A2 emissions scenario (Figure 6). For all GCM ensembles 
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HBV-EC predicted Goathorn peak spring discharge to occur in May, one month earlier than 
the baseline freshet which occurs in June. The model predicts that under CGCM3.2, 3.3 and 
3.5 the average May flow for the 2020's will be greater than the baseline value by up to 10 
percent (Figure 6); CGCM3.1, 3.4 produce flows 10 percent lower than the baseline for the 
2020's. The range in modeled flow increases for the 2050's and 2080's; there is less 
agreement between the GCM ensembles. During the 2080's under CGCM3.5 the model 
predicts that spring freshet will occur during the month of April, up to 60 days earlier than 
the baseline freshet. 
The model predicted the maximum spring discharge for all time periods under A2 
climate could be up to 45 percent greater than the baseline flow (Figure 7). The minimum 
spring discharge was also modeled to be up to 42 percent lower than the baseline discharge. 
The average discharge modeled indicates that the spring flows will begin to occur earlier in 
the year and last for one month instead of two (Figure 7). 
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Figure 6. Hydrographs for A2 emissions scenario. The 2020's only compares CGCM3 with 
the baseline flow while the 2050's and 2080's include ECHAM5.1. 
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Figure 7. Average, maximum and minimum discharge for Goathorn Creek under the A2 
emissions scenario. Discharge values based upon climate generated from all GCM's were 
used to calculate average, maximum and minimum discharge. 
4.4.4 Future streamflow under B1 emissions scenario 
The B1 emissions scenario has the lowest projected CO2 emissions in comparison to 
the AlB (middle) and A2 (high) SRES scenarios. Under the B1 emissions scenario the 
average spring discharge is forecast to be 5 percent lower than the spring discharge modeled 
under the AlB and A2 scenarios. There is a strong agreement between all GCM's in timing 
and discharge of modeled flow during the 2020's (Figure 8). During the 2050's and 2080's 
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HBV-EC models similar hydrographs for all GCMs except for CSIROMK3.0. The modeled 
discharge under the CSIROMK3.C) ensemble is similar in timing to the baseline flow during 
the 2050's and 2080's; the average CSIROMK3.0 spring flow during the 2050's and 2080's 
is up to 18 percent lower than the baseline flow (Figure 8). Similar to the AlB and A2 
emission scenarios, HBV-EC predicts that spring freshet will occur up to 30 days earlier in 
the year under the B1 emission scenario (Figure 8). 
The maximum spring discharge is up to 52 percent greater than the baseline average 
(Figure 9). The mean yearly flow for the B1 scenario is similar in timing to the baseline flow 
with the largest difference in projected discharge occurring during the freshet months. The 
minimum possible spring discharge is up to 42 percent lower than the baseline discharge for 
all time periods (Figure 9). 
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Figure 8. Hydrographs for B1 emissions scenario. The 2020's only compares CGCM3 with 
the baseline flow while the 2050's and 2080's include ECHAM5.1, CSIROMK30 and 
GFDLCM models. 
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Figure 9. Average, maximum and minimum discharge for Goathorn Creek under the B1 
emissions scenario. Discharge values based upon climate generated from all GCM's were 
used to calculate average, maximum and minimum discharge. 
4.4.4 Summary of streamflow, temperature and precipitation under all GCMs 
The HBV-EC model predicts the greatest change in flow volume during the months 
of April, May, June and July. Under all emissions scenarios the model predicts the peak 
discharge to occur up to 1 month earlier in the year. The model does not predict great 
changes to the low flow periods of Goathorn Creek. For all emissions scenarios HBV-EC 
predicts the mean flow for Goathorn Creek will decrease (Table 7). The model predicts the 
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highest CO2 scenario, A2, will decrease the mean flow by up to 11 percent (Table 7). Under 
the lowest CO2 scenario, Bl, the mean flow is forecasted to decrease by up to 16 percent. 
Table 7. Summary discharge values for all emissions scenarios and baseline. 
Observed AlB A2 Bl 
Mean flow, (m3/s), 2010-2100 1.77 1.53 1.58 1.50 
2020's 1.44 1.48 1.44 
2050's 1.53 1.59 1.50 
2080's 1.61 1.68 1.56 
Mean peak flow, (m3/s), 2010-2100 2.48 3.06 3.13 3.01 
Mean minimum flow (m3/s), 2010-2100 1.15 0.72 0.76 0.70 
Mean temperature (°C), 2010-2100 3.9 5.3 5.7 5.0 
Mean precipitation (mm), 2010-2100 1.40 1.35 1.36 1.34 
The downscaled precipitation data calculated as an average from all GCM's is shown in 
Figure 10. The projected winter precipitation for all scenarios is expected to increase from 
February until the end of May. For all scenarios the summer precipitation is predicted to be 
5 to 7 percent lower than the baseline and the fall precipitation is forecast to peak during the 
month of October. 
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Figure 10. Projected precipitation from all GCM's for AlB, A2 and Bl scenarios, as 
compared to the observed baseline precipitation. 
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4.5 DISCUSSION 
The HBV-EC model was able to successfully reproduce streamflow in the Goathorn 
Creek watershed over a 40 year time period. The mean measured and modeled flow volumes 
differed by up to 11 percent. Sources of error that may account for differences between 
modeled and observed discharge are (a) differences in land cover during the calibration and 
validation periods since the model was set up based on land cover during the 1990's and (b) 
the Smither's Airport climate station is 20 kilometres outside of the watershed; snow and 
rainfall patterns within the watershed may differ from that of the airport. 
The HBV-EC model predicted a reduction in mean flow ranging from 0.19-0.27 m3/s 
for Goathorn Creek under all emissions scenarios. The greatest reduction in mean flows, up 
to 0.33 m3/s, is forecasted to occur during the 2020's (within the next 30 years). These 
findings coincide with predictions outline by the IPCC's working group (Bates et al., 2008). 
The model also predicts spring discharge may occur up to one month earlier under all 
emission scenarios. Under the CGCM3.5 high CO2 scenario, A2, the model predicted spring 
discharge could occur up to two months earlier during the 2080's. 
Studies within BC and northern Canada have found similar results. Morrison et al 
(2002) used output from the CGCM and the Hadley Centre for Climate Prediction and 
Research model (HadCM2) to simulate future flow in the Fraser River. Under future climate 
they modeled a reduced freshet and an earlier onset of peak flows. Merritt et al. (2006) used 
a combination of three GCM's to examine hydrologic changes in the Okanagan Basin. They 
modeled earlier spring snow melt which lead to an earlier freshet with substantially reduced 
freshet volumes. Burn (2008) analyzed 26 streams in the headwaters of the Mackenzie Basin 
and found that the spring freshet is beginning to occur earlier in the year. 
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The forecasted early onset of spring freshet is related to the precipitation and 
temperature patterns as predicted by the GCM's. The temperatures are expected to increase 
for all times during the year while precipitation is expected to increase from February to 
May. With warming temperatures, the precipitation falling during the months of February 
and March will mostly likely be more rain than snow dominated. Any 'rain on snow' events 
will contribute to a faster melting of the snowpack in Goathorn Creek. Earlier melting of the 
Goathorn Creek snowpack will lead to earlier peak flows in Goathorn Creek. In addition, the 
predicted lower summer precipitation is related to the lower summer flows forecast under all 
GCM scenarios. Warmer summer temperatures may also lead to increased evaporation 
which would also contribute to lower summer discharge in Goathorn Creek. 
The model predicted the greatest agreement between all GCM's during the 2020's, 
less agreement as the projected number of years increases. The range in projected flows for 
the 2050's and 2080's varies up to 50 percent (especially for the A2 scenario). This range in 
discharge reflects the variability between the GCM's projected climate. As no one single 
GCM scenario can be considered 'correct' it is important to consider the range in projected 
discharge as any of the projections may be valid. Increased certainty however may be placed 
upon the projected discharge for the 2020's as there is a smaller range in the forecast for all 
GCM's. 
Temperatures in BC have been increasing over the last 50 years (Leith and Whitfield, 
1998, Skinner and Gullet, 1993). It is expected that air temperatures will continue to 
increase throughout North America for the next 100 years as a result of increased 
development and CO2 emissions (Bates et al., 2008). In the Goathorn Creek watershed a 
warmer climate and changes to precipitation patterns are predicted to cause earlier melt of 
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the winter snowpack and a reduction of summer flow. Given that the Goathorn Creek 
watershed is typical of mountain watersheds in the Bulkley Valley, it may be inferred that a 
reduction in mean flows may be experienced by various communities residing within the 
Bulkley Valley. A reduction in mean flow by 0.19-0.27 m3/s may have serious implications 
for domestic, agricultural and industrial water use; on a yearly basis that would equate to a 
total volume decrease of 6-7 million cubic metres of water. Current management practice is 
to issue water permits and licences based on historical and present gauging; based upon 
results from this study, water managers may have to place more weight on expected future 
streamflow changes when making current water management decisions. While many water 
permits have to be renewed on an annual basis, some are issued for the life of a project. 
Water managers may have to consider granting water permits with a provision for storage so 
licensees can capture peak flows and rely on storage during low flow periods. 
4.6 CONCLUSION 
This thesis chapter examined the ability of HBV-EC to simulate future streamflow 
under a number of IPCC emissions scenarios. The model was calibrated/validated on 40 
years of data and model performance was measured using both qualitative and quantitative 
methods .  Downscaled c l imate  data  f rom four  GCM's  was  used as  model  input  for  Al ,  B2 
and AlB emissions scenarios. For all scenarios HBV-EC predicted future streamflow from 
2010-2100. Results show that the average daily discharge in Goathorn Creek may decrease 
by 0.19-0.27 m3/s or up to 16 percent. The timing of peak annual discharge was also 
modeled to occur up to one month earlier than present. Reduction in mean flows and earlier 
spring freshet may impact future industrial and agricultural practices within the Bulkley 
Valley. 
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CHAPTER 5: 
LARGE SCALE HARVEST IN A MOUNTAIN PINE BEETLE 
INFESTED WATERSHED 
5.1 INTRODUCTION 
The province of BC has experienced widespread mortality of pine trees due to 
infestation by the mountain pine beetle (Dendroctonus ponderosae). To date over 20 percent 
of BC's forests have been infected by the MPB (Westfall and Ebata, 2008). Forecasts 
indicate that by 2018 approximately 34 percent of BC's total forested area will be killed by 
the beetle (EDI Environmental Dynamics Inc. 2008). In BC the MPB infestation began in 
1999, with an estimated 164,000 hectares of infected pine forest (Wulder et al., 2009). As of 
2007, over 10 million hectares of pine forests had been damaged (Westfall and Ebata, 2008). 
Once a pine tree is attacked by the beetle, the needles turn red within 12 months; this is 
referred to as the red attack stage (Wulder et al., 2009). The red attack stage can last from 2 
to 4 years depending on the age and species of the pine tree (Wulder et al., 2009). The 
needles then gradually fall off the tree and only the bare branches remain; this is referred to 
as grey attack (BC Ministry of Forests and Range, 2008). If the tree does not get blown over 
during a high wind event, it will usually fall within 5 years of the stand death (Mitchell and 
Preisler, 1998). 
Many watersheds in the Cariboo region of BC are dominated by pine forests. 
Specifically, within the Quesnel Forest District, MPB had infested almost 1.2 million 
hectares of forest in 2007 (Westfall and Ebata, 2008). As a result, the goal of forestry 
operations has been to harvest as much dead pine from a forest as possible before the trees 
fall or get blown over. The annual allowable cut for Quesnel Forest District has increased 
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substantially in order to target MPB infested stands (Quesnel Forest District Enhanced 
Strategy Committee, 2006). 
The large scale removal of trees may have potential effects on the hydrology of 
watersheds within the Quesnel Forest District. Changes to a forest's canopy can alter snow 
accumulation and melt in forest stands (Boon, 2007; Boon, 2009). Harvesting of forest 
stands can also lead to an increase in the water table (Dube et al., 2005). Additionally, the 
BC Forest Practices Board (2007) found that harvesting MPB stands in the Baker Creek 
watershed, Quesnel, could potentially increase the annual peak flows by up to 92 percent. 
Changes to streamflow and forest hydrology are important to understand in order to maintain 
ecosystem health and manage water resources effectively. 
The purpose of this thesis chapter is to examine possible fluctuations in flow regime 
of a watershed within the Quesnel Forest District that has been heavily harvested due to 
MPB infestation. Specifically, the Moffat Creek watershed will be examined through 
hydrologic modeling of various harvest scenarios. 
5.2 STUDY AREA- MOFFAT CREEK WATERSHED 
The Moffat Creek watershed is located just south of the town of Horsefly and falls 
within the boundaries of the Quesnel Forest District. Moffat Creek flows north into the 
Horsefly River. The watershed is 539 square kilometres in size and ranges in elevation from 
784 to 2155 metres. The majority of the watershed is flat topography with the exception of 
Little Timothy Mountain which falls into the headwater region (Figurenll). The base 
elevation of Little Timothy Mountain is approximately 1600 metres and the peak is 2155 
meters. No glaciers exist in the watershed so Moffat streamflow is influenced by snowpack 
accumulation and melt. The headwaters fall into the Engelmann Spruce-Subalpine Fir 
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(ESSF) biogeoclimatic zone while the lower watershed is Sub-Boreal Pine-Spruce (SBPS) 
and Sub-Boreal Spruce (SBS) (Figure 12). 
jj Horsefly Mountain 
Moffat Creek WSC gauging i (08WH019) 
Williams Lake Airport climate station 
C-'  
Jigbthy M.tn V 
Mcintosh Lakes 
9 Snow Course 
3repared by Faye Kroi, 
^eoBC 1:7.500.00 base map Kilometers^ 
Figure 11. Study region, location of climate, snow survey and gauging station, and outline of 
Moffat Creek watershed. 
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Figure 12. Biogeoelimatic zones of the Moffat Creek watershed. (Adopted from 
Environment Canada's 'Map Viewer' Website, 2010). 
Prior to the year 2000 less than 1 percent of the Moffat Creek watershed had been 
attacked by the MPB. By 2009, almost all pine stands had been infested and 40 percent of 
the watershed had been harvested. As shown in Figure 13, there are extensive harvested 
areas within the watershed; the majority of logging being clear-cuts. Most of MPB attacked 
stands are located in the mid to lower elevations of the watershed, within the SBPS and SBS 
regions (Figure 12). The Moffat Creek channel is meandering in pattern as the area is flat 
with rolling hills (as shown in Figure 13, image C). 
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Figure 13. Aerial views of Moffat Creek watershed (A) in the headwater region (B) mid-
elevation zone of watershed (C) Moffat Creek channel mid-elevation with grey attack up to 
channel (D) extent of clear-cut logging flying towards Mcintosh Lakes. 
5.3 METHODOLOGY AND DATA 
5.3.1 Model setup and data 
The HBV-EC model was used to simulate streamflow under different harvest 
scenarios in the Moffat Creek watershed. Meteorological data for 1964-2008 from the 
William's Lake Airport (stn # 10989840) was used to force HBV-EC for calibration and all 
scenarios. The airport weather station has an elevation of 940 meters and is located at 
52°10.800'N latitude, 122°3.000'W longitude, approximately 50 km west of the study 
watershed. The Williams Lake Airport weather station was the closest weather station to 
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Moffat Creek watershed with a long enough data record to use in this study (although other 
climate stations were closer to the study watershed, station climate records were incomplete). 
Climate data was downloaded from the National Climate Archives of Canada website and 
checked for completeness. Missing values of temperature or precipitation were 
supplemented with the average of the surrounding daily values. 
HBV-EC also requires evaporation data and no evaporation data was available 
through the Williams Lake Airport weather station. The temperature based Hamon method 
was used to calculated average monthly evaporation values for 1970-2008. In order to 
calculate monthly evaporation, average hours of daylight for the time period were taken from 
the climate normals calculated for the William's Lake Airport weather station. (Please refer 
to Chapter 4, section 4.3.1 for details on calculating Hamon evaporation). 
A 1:50,000 DEM and a LANDSAT 7 orthoimage (taken in 2001) were downloaded 
from the Geobase website, loaded into HBV-EC and draped over the watershed. The model 
delineated the watershed boundary, channel routing, slope, aspect, and elevation bands based 
upon the DEM. Cutblock shapefiles were obtained from the Ministry of Forests and Range 
data warehouse (GeoBC). The LANDSAT 7 image along with the cutblock shapefiles were 
used to create land class categories for the calibration period and for all harvest scenarios. 
The Moffat Creek WSC gauging station (08KE019) was used in this study for model 
calibration. Flow data from 1964-2007 was downloaded from the WSC website. Moffat 
Creek flow was also compared to the SWE from the Horsefly snow survey station (1C13A). 
Snow survey data was downloaded from the BC River Forecast Centre website. Measured 
spring discharge and SWE were compared to investigate the relationship between snowpack 
and timing of peak flows. 
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5.3.2 HBV-EC calibration and validation 
In order for successful model calibration, a time period of minimal disturbance was 
required so the model could simulate naturally occurring streamflow. For this reason, the 
calibration period of 1967-1973 (7 years) was selected, followed by the validation period of 
1974-1979 (6 years). Streamflow was modeled beginning in 1964 using the years from 
1964-1966 to stabilize the model before the calibration/validation periods. Calibration was 
performed through both quantitative and qualitative methods. Calibration was assessed 
qualitatively through adjusting model parameters to achieve the best match between the 
simulated and observed discharge lines. The rainfall and snowfall correction parameters 
were adjusted first followed by adjustment of the 'routing' parameters. Remaining 
parameters were then adjusted to improve the relationship between the simulated and 
observed discharge lines. Calibration was assessed quantitatively by calculating the NSE, 
RMSE, MVE, coefficient of determination, and standard deviation (see Chapter 4, Sec. 4.3.2 
for explanation on statistical tests). 
5.3.3 Harvest Scenarios 
In order to determine the effects of MPB harvested forest on flow regime, the HBV-
EC hydrologic model was used to simulate streamflow under 3 harvest scenarios. Timing 
and magnitude of spring discharge was examined under 'harvest' and 'no harvest' scenarios. 
Mean annual discharge was also examined. For all scenarios, climate data from 1967-2008 
was used to force the model. The HBV-EC model was used to simulate discharge under the 
following hypothetical scenarios: 
Scenario 1: The baseline scenario is based upon forest cover conditions in 1970. The 
majority of the watershed was natural forest, with a total harvest area of 8 percent. 
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Scenario 2: Harvest area is represented by all logging up to the end of the year 1999. From 
1970 to the end of 1999 the total harvested area of the watershed grew to 12 percent. Less 
than 1 percent of the watershed was infested with MPB. 
Scenario 3: Harvest area is represented by all logging up to the end of the year 2008. This 
scenario looks at the total harvested area since 1970 with MPB attack in 64 percent of the 
watershed area. 
Table 8 summarizes the percentage of the Moffat Creek watershed harvested, forested 
and attacked by the MPB for each scenario. 
Table 8. Percentage of Moffat Creek watershed harvested, forested and attacked. 
Scenario Lake 
(%) 
Harvested Area 
(%) 
Forested Area 
(%) 
MPB attacked area 
(%) 
Baseline -1970 13 8 90 0 
Standard Logging 1967-
1999 
13 12 86 <1 
MPB epidemic 13 39 60 64 
5.4 RESULTS 
5.4.1 Calibration and validation of HBV-EC 
Table 9 summarizes the goodness of fit statistics for the calibration and validation 
periods. For the 7 year calibration and 6 year validation periods the NSE was 0.80 and 0.74, 
respectively. All goodness of fit measures were lower for the validation period as the model 
seemed to overestimate discharge from July onwards. The MVE for both the calibration and 
validation periods fell into the 'good' range (Singh, 2004). 
Figures 14 and 15 show modeled and simulated discharge by HBV-EC for the 
calibration and validation periods. As indicated by the MVE values, the error ranges from 
14-18 percent. This is especially evident for years 1975 and 1978 (Figure 15). 
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Table 9. Calibration and verification statistics for the Moffat Creek watershed. All statistics 
are based upon daily streamflow values. 
Calibration Period: 
1967-1973 
Validation Period: 1974-
1979 
Nash Sutcliffe Efficiency, NSE 0.80 0.74 
Coefficient of determination, R 0.91 0.88 
RMSE (m7s) 2.22 2.38 
Mean Volume Error, MVE, (%) 14 18 
Standard 
deviation 
Qobserved 4.86 4.65 
Qmodeled 4.13 4.89 
— modeled 
observed 
:u ,00 
Figure 14. Modeled and observed streamflow for Moffat Creek watershed during 
calibration period, 1967-1973. 
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Figure 15. Modeled and measured streamflow for Moffat Creek watershed during 
validation period, 1974-1979. 
5.4.2 Timing and magnitude of discharge under harvest scenarios 
For scenario 3 (MPB epidemic) the spring discharge was 25 percent higher than both 
scenario 1 and 2 (Figure 16). For scenario 3 the harvested area was 31 percent larger than 
scenario 1 (baseline) and 27 percent greater than scenario 2 (harvest prior to MPB). Figure 
17 is the same as Figure 16 except only years 1999-2008 are shown. In 2005, the measured 
discharge is lower than all 3 modeled scenarios. During the months of April and May, the 
WSC gauge did not measure streamflow (due to recording error); the months of June and 
July were used to calculate the average spring measured discharge. For 2005-2007, the 
measured spring discharge was lower than the MPB epidemic modeled scenario (Figure 17). 
Spring discharge for scenario 1 and 2 was similar in magnitude and timing; scenario 2 
discharge was greater than scenario 1 by 4 percent. The spring discharge for scenarios 1 and 
2 was consistently lower than the discharge for the MPB epidemic scenario. Measured 
discharge is on average 10 percent higher than scenario 1 discharge. 
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Baseline, 1970 Epidemic 08KH019 
Figure 16. Magnitude of spring discharge for baseline 1970 harvest scenario, harvest 
scenario prior to MPB epidemic, and MPB epidemic scenario to end of 2008 scenario. 
Average spring discharge is measured as average discharge for months of April-July for 
each year, 1967-2008. 
Baseline, 1970 Prior MPB Epidemic 08KH019 
18 
16 
14 
12 
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Figure 17. Magnitude of spring discharge for all scenarios and WSC station for years 199-
2008. Average spring discharge is measured as average discharge for months of April-July 
for each year. 
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For the MPB epidemic harvest scenario, the peak discharge occurred on average 6 
days earlier than scenario 1 and 2 days earlier than scenario 2 (Table 10). The average peak 
discharge value is greatest at 26.8 m3/s under scenario 3 and smallest at 18.7 m3/s under 
scenario 1. The average modeled peak flows for all scenarios were higher for the 1970-1999 
period in comparison to the average peak flows for the 2000-2008 period. The WSC station 
measured average peak flows from 1970-1999 as 24.5 m3/s and 24.6 m3/s for 2000-2008. 
The Julian day for WSC peak flow was on average 16 days earlier during the 1970-1999 time 
period in comparison to the 2000-2008 time period. 
Table 10. Peak discharge and Julian day for harvest scenario 1, 2 & 3. Average discharge 
values are also calculated for sub time intervals 1970-1999 and 1999-2008. Julian day and 
peak flows were calculated based upon daily flow values for the entire year. 
Average entire period 1970-2008 
Scenario 1: Scenario 2: Scenario 3: WSC Station: 
Baseline prior MPB MPB epidemic 08KH019 
1970 
Julian Day 144 140 138 137 
Average peak flow 18.7 19.4 26.8 24.5 
(m3/s) 
Prior MPB: 1970-1999 
Julian Day 140 139 137 134 
Average peak flow 19.1 19.9 27.5 24.5 
(m3/s) 
During IV PB epidemic 200( -2008 
Julian Day 157 141 141 150 
Average peak flow 17.1 17.7 24.2 24.6 
(m3/s) 
5.4.3 Moffat Creek discharge and snow water equivalent 
Figures 18 and 19 show the relationship between the SWE and the Moffat Creek 
measured spring discharge (WSC station 08KH019). In general, when the SWE increases, so 
does Moffat Creek discharge (Figure 19). The highest SWE, 664 mm, and instantaneous 
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spring discharge, 15.3 m3/s, occurred in 1999. The average SWE and discharge from 2000-
2008 are lower in comparison to 1970-1999 (Table 11). The SWE is 6 percent lower in 
2000-2008 then the 1970-1999 time period. The average spring discharge is 16 percent 
lower during the MPB infestation in comparison to prior MPB infestation 1970-1999. 
SWE measured flow 
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Figure 18. Measured snow water equivalent and spring discharge for the Moffat Creek 
watershed. 
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Figure 19. Relationship between Moffat Creek spring discharge (WSC station 08KH019) 
and snow water equivalent. 
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Table 11. Average SWE and measured spring discharge values for Moffat Creek watershed. 
SWE (mm) Spring discharge (m3/s) 
WSC 08KH019 
Average 1970-2008 422.7 7.5 
Average 1970-1999 (prior MPB infestation) 430.1 7.7 
Average 2000-2008 (MPB infestation) 394.1 6.5 
5.5 DISCUSSION 
The Moffat Creek watershed has undergone increased harvest in the last 10 years as a 
result of the MPB infestation. Currently, almost 40 percent of the watershed has been 
logged. According to HBV-EC model simulations, an increase in harvest area within the 
Moffat Creek watershed is related to an increase in discharge. Modeled discharge increased 
by up to 25 percent under a 31 percent increase in harvest area. Removing trees from the 
landscape can have a significant impact on the hydrology of a watershed. The amount of 
snow or rain reaching the forest floor will increase as the canopy is no longer present for 
interception (Buttle et al., 2005). Snow ablation rates will also increase in clear cut areas in 
comparison to MPB stands (Boon, 2007). 
In general, the modeled discharge for the high harvest scenario is within 1 percent of 
the measured discharge for 1999-2004. This is expected since the model simulation is based 
upon the land conditions for this time period. This however is not the case for 2005-2007 
when the modeled 'scenario 3' discharge is greater than the measured discharge by up to 20 
percent. HBV-EC predicts higher flows than what is actually occurring under increased 
harvest. The discrepancy between the model and measured values for the 2005-2007 period 
may be due to climate variability between the watershed and the William's Lake weather 
station (since the airport data is being used to drive the model). 
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The measured peak spring discharge is lower during the MPB epidemic in 
comparison to the previous 30 years. It appears the decrease in spring discharge is related to 
a decrease in the snow pack. The snowpack from 2000-2008 is 9 percent lower than it has 
been for the past 30 years. Further investigation is required in order to determine why the 
peak spring discharge is decreasing while harvest in the watershed is increasing. This 
finding does not match findings in the literature where an increase in harvest has led to an 
increase in spring flow (Lin and Wei, 2008). 
The peak spring discharge for Moffat Creek normally occurs during the month of 
May; based upon WSC measurements during the beetle outbreak from 2000-2008, peak 
spring discharge occurred around May 30th of each year. Model results indicate that for 
scenario 3 (MPB epidemic), the peak discharge will occur up to 9 days earlier in May (May 
21st). The model results do not agree with the measured timing of peak spring discharge. 
Based upon WSC measurements, prior to the beetle outbreak (1970-1999), peak spring 
discharge occurred around May 14th of each year; during the beetle outbreak (2000-2008), 
peak spring discharge occurred around May 30th of each year. The peak spring flows during 
the MPB epidemic period occur on average up to 16 days later than peak flows prior to the 
MPB epidemic. Delay in peak flows does not agree with other studies which have found 
peak flows occur earlier in the year following harvest of MPB (Moore and Scott, 2005; Potts, 
1984). 
In general, the relationship between streamflow and harvesting in the Moffat Creek 
watershed requires further study. The findings in this study do not coincide well with 
findings in the literature. Specifically, peak spring flows are predicted by HBV-EC to occur 
68 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
earlier in the year during MPB harvest; however, the opposite is happening, peak spring 
flows are occurring later in the year. 
5.6 CONCLUSION 
The Moffat Creek watershed has been significantly impacted by the MPB in the last 
10 years. Since 1999, approximately 27 percent of the watershed has been harvested. The 
HBV-EC model was used to simulate changes in streamflow under various harvest scenarios. 
Model simulations predicted that discharge would increase with increased harvest. The 
actual observed discharge for Moffat Creek shows a decrease in flow during the MPB 
infestation period. It appears that the decrease in discharge is related to the SWE, however 
further investigation is required. Perhaps using a hydrologic model capable of classifying 
different soil cover and leaf area index would draw different model conclusions. Also 
obtaining forest harvest data by year for the past 40 years would allow further investigation 
of the relationship between Moffat Creek flow and harvest area. 
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CHAPTER 6 
STUDY CONCLUSIONS AND FUTURE RECOMENDATIONS 
The purpose of this thesis was to (a) research and test a hydrologic model that may be 
used in northern BC where data is a major limiting factor and (b) explore streamflow 
changes under future climate and in response to MPB harvest. This study found that the 
HBV-EC model was more suitable than CRHM for hydrologic studies in northern BC. The 
main reasons being that CRHM is data intense and in northern BC data is scarce. 
The Goathorn Creek watershed in Telkwa, BC was selected in order to study changes 
to streamflow under future climate. The Bulkley Valley region is currently seeing increased 
mining exploration and development of the Hudson Bay Mountain Ski Hill. Increased 
demand on water resources will be experienced with growth of the region. Goathorn Creek 
streamflow was modeled by using downscaled GCM data under three emissions scenarios 
(high, medium and low CO2). The TreeGen downscaling method was applied to four 
GCM's; this downscaling method is relatively new and has only been used once in the 
literature (Stahl et al., 2008). Under the IPCC A1B, A2 and B1 emissions scenarios, the 
Goathorn Creek mean annual flow is expected to decrease by up to 16 percent. HBV-EC 
also predicted that spring freshet would occur up to 30 days earlier in the year. A change in 
the timing of peak flows and an overall reduction in mean flows will have important 
implications for water managers, domestic users and industrial development within the 
Bulkley Valley. 
The Moffat Creek watershed, located southeast of Quesnel, was selected in order to 
study the impact of harvesting MPB stands on streamflow. The MPB epidemic began in the 
Moffat Creek watershed during 1999 and has currently spread throughout the majority of the 
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watershed. Within the last 10 years almost 30 percent of the watershed has been harvested as 
a result of the beetle outbreak. The HBV-EC model was used to model Moffat Creek 
streamflow under 'no harvest' and 'harvest' scenarios. The model predicted increased 
streamflow with increased harvest area. When compared to measured streamflow it was 
found however that average spring discharge during the MPB epidemic was 14 percent lower 
than it had been during the previous 30 years. The low spring discharge during the MPB 
epidemic appeared to be related to the 9 percent decrease in SWE for the same years. 
Further research is however required to determine the relationship between the 
Moffat Creek streamflow and the increased harvest of MPB stands. Using a more 
sophisticated hydrologic model may be an option in order to precisely classify areas of 
salvage harvest and selective logging. The HBV-EC model is only able to classify the 
watershed as forest, open, lake or glacier. Also, obtaining harvest data by individual year for 
the past 40 years would be useful in determining the equivalent clear cut area per year and 
comparing to Moffat Creek streamflow. 
Overall the HBV-EC hydrologic model was successful for capturing changes to 
streamflow magnitude and timing under future climate. As the model is simple in design it 
was found to not be suitable for understanding changes to forest cover. 
Bridging the gap between science and decision making is often difficult; researchers 
must plan their studies in accordance to policy needs and disseminate their information in a 
usable format. As with many aspects of scientific research, quantifying uncertainties in 
hydrologic modeling is difficult. Decision makers would like high confidence in their 
decisions and uncertainties in forecasting future streamflow do not mesh well with policy 
formation (Lui et al, 2008). A useful area of future research in relation to this study would 
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be to examine the uncertainty in modeled values and provide meaning to model uncertainty 
at a policy level. 
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APPENDIX I - Calibration parameters 
Table A. HBV-EC parameters values used in the two study basins and parameter values from 3 additional 
studies providing a range in reasonable values. 
Parameter names Default GoatHorn 
Creek 
Moffat 
Creek 
Boon, 
2009. 
Moore, 
1993 
Hamilton 
et al., 2000 
1 
Parallel 
Runoff FRAC 0.7 0.8 0.7 0.3 ? 0.34 
2 Runoff KF 0.2 0.25 .15 0.2 ? 0.013 
3 Runoff Alpha 0.1 0 0 0.5 ? .49 
4 Runoff KS 0.05 0.008 .05 0.005 ? 0.00148 
5 Fast Reservoir Q 0 0 0 0 ? 7 
6 Slow Reservoir Q 0 0.3 0 0 ? ? 
7 Atmosphere RFCF 1.0 1.1 1.0 0.7 1.0 .977 
8 Atmosphere SFCF 1.0 1.3 1.3 1.0 1.0 1.27 
9 Atmosphere PGRADL 0.0001 0.0004 0.001 0.0001 .00024 .0022 
10 Atmosphere PGRADH 0 0 0 0 ? ? 
11 Atmosphere EMID 5000 5000 5000 5000 ? ? 
12 Atmosphere TLAPSE 0.0065 0.0065 0.0075 0.007 .006 .005 
13 Atmosphere TT 0 0 0 1 0 -0.727 
14 Atmosphere TTI 2 2 2 1 ? 0 
15 Atmosphere EPGRAD 0.0005 0.0003 0.0005 0.0005 .0005 .0003 
16 Atmosphere ETF 0.5 0.5 0.5 0.5 ? 0 
17 Forest TFRAIN 0.8 0.8 0.8 0.8 ? .838 
18 Forest TFSNOW 0.8 0.6 0.8 0.8 ? .845 
19 Snow AM 0 0 0 0 ? ? 
20 Snow TM 0 0.5 0.5 1.0 ? 1.7 
21 Snow CMIN 2 2 2 2.0 2.0 1.65 
22 Snow DC 2 2 2 2.0 ? 2.55 
23 Snow MRF 0.7 0.6 0.7 0.7 ? .706 
24 Snow CRFR 2 2 2 2.0 2.0 1.04 
25 Snow WHC 0.05 0.05 0.1 0.1 .05 0.1 
26 Snow LWR 2500 2500 2500 2500 400 4000 
27 Soil FC 200 100 300 400 100 400 
28 Soil BETA 1 1 0.8 0.8 1.0 1.81 
29 Soil LP 0.7 0.8 0.6 0.8 ? .599 
30 Glacier MRG 2 2 n/a n/a 1.5 ? 
31 Glacier AG 0.05 0.05 n/a n/a ? ? 
32 Glacier DKG 0.05 0.2 n/a n/a .19 ? 
33 Glacier KGMIN 0.05 0.05 n/a n/a .01 ? 
34 Glacier KGRC 0.7 0.7 n/a n/a .95 ? 
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Table A. Discharge values for CGCM3, AlB scenario. 
3. 
CD 
AlB.cgcm3 
Jan 
Feb 
Mar 
April 
May 
June 
July 
Aug 
Sept 
Oct 
Nov 
Dec 
mean 
2010-2039 
3.1 3.2 
discharge 
3.3 
(m /s) 
3.4 3.5 
0.204108 
0.183887 
0.269061 
1.67297 
4.853163 
3.691011 
1.669121 
1.314114 
1.151082 
1.313376 
0.571879 
0.265651 
0.216121 
0.191354 
0.260057 
1.748327 
5.304478 
3.185784 
1.721684 
1.4059 
1.120037 
1.189245 
0.526608 
0.244905 
0.191171 
0.166768 
0.245794 
1.552066 
5.117561 
3.45704 
1.688417 
1.32745 
1.1067 
1.221519 
0.554181 
0.243026 
0.196245 
0.176254 
0.296526 
1.763624 
4.829204 
3.234419 
1.868884 
1.379029 
1.081041 
1.124741 
0.510466 
0.25269 
0.220304 
0.19572 
0.279136 
2.066401 
5.069932 
3.597241 
1.912343 
1.558916 
1.21366 
1.576717 
0.668552 
0.280168 
2010-2039 
average 
0.20558997 
0.1827966 
0.27011485 
1.7606776 
5.03486764 
3.43309911 
1.77209005 
1.39708191 
1.13450399 
1.28511944 
0.56633733 
0.25728795 
1.429952 1.426208 1.405975 1.39276 1.553257 
2040-2069 
3.1 3.2 
discharge 
3.3 
(m /s) 
3.4 3.5 
0.218808 
0.198281 
0.317362 
1.8118 
5.424232 
3.565 
1.631587 
1.306463 
1.097619 
1.268682 
0.56658 
0.267888 
0.270818 
0.226112 
0.336798 
2.322487 
5.762579 
3.108027 
1.795506 
1.638027 
1.23948 
1.30534 
0.641696 
0.29017 
0.200764 
0.178119 
0.279862 
1.700074 
5.777133 
3.662434 
1.665421 
1.417451 
1.127114 
1.235275 
0.603457 
0.262241 
0.210758 
0.196378 
0.396179 
2.218266 
5.234797 
3.243745 
1.942271 
1.460204 
1.19699 
1.243326 
0.590328 
0.26374 
0.242003 
0.215152 
0.351214 
2.43171 
5.175032 
3.819354 
1.959223 
1.680129 
1.267219 
1.681958 
0.831471 
0.300549 
2040-2069 
average 
0.22863016 
0.20280844 
0.33628304 
2.09686748 
5.47475452 
3.4797119 
1.79880169 
1.50045472 
1.18568463 
1.34691632 
0.64670624 
0.27691759 
1.472859 1.578087 1.509112 1.516415 1.662918 
2070-2100 
3.1 3.2 
discharge 
3.3 
[m /s) 
3.4 3.5 
0.227061 
0.21587 
0.398422 
2.351929 
5.496822 
3.197869 
1.499128 
1.325135 
1.099471 
1.355428 
0.620726 
0.2892 
0.302694 
0.286604 
0.568182 
2.982591 
5.026852 
3.192454 
1.896919 
1.79505 
1.254192 
1.444228 
0.704677 
0.339873 
0.208892 
0.191529 
0.332127 
2.390686 
5.60592 
3.279004 
1.624502 
1.413405 
1.120719 
1.30924 
0.66366 
0.276882 
0.226499 
0.221492 
0.538725 
3.011888 
4.969346 
3.089095 
1.887275 
1.533677 
1.232614 
1.288381 
0.664101 
0.299847 
0.254552 
0.261211 
0.479262 
3.141887 
4.854506 
3.776662 
2.068417 
1.787166 
1.322428 
1.90101 
0.946494 
0.338592 
2070-2100 
ave rage 
0.2439397 
0.23534127 
0.46334356 
2.77579633 
5.19068897 
3.30701676 
1.79524826 
1.57088643 
1.2058849 
1,4596577 
0.71993186 
0.30887888 
1.506422 1.649526 1.534714 1.580245 1.761016 
baseline 1960-2000 
observed 
0.229025641 
0.182275 
0.2089 
1.106275 
5.007692308 
5.314358974 
3.352051282 
1.824375 
1.2784 
1.47655 
0.935675 
0.3561 
1.77263985 
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Table B. Discharge values for GFDLCM and ECHAM5.1, AlB scenario. 
2046-2065 discharge (m3/s) 2081-2100 discharge (m3/s) 
gfdlcm echam5.1 gfdlcm echam5.1 
alb alb alb alb 
Jan 0.21266327 0.20736817 Jan 0.23895563 0.24296908 
Feb 0.18378263 0.17761206 Feb 0.20549539 0.20602134 
Mar 0.39165741 0.33253366 Mar 0.69091758 0.4542477 
April 2.44368357 2.1313776 April 4.19517052 2.43032769 
May 5.04292772 4.51828718 May 4.64148938 5.0889046 
June 3.20350347 3.32831934 June 2.74713264 2.91503747 
July 2.06787124 1.68360161 July 2.28188957 1.63235617 
Aug 1.74983341 1.3624355 Aug 2.03645125 1.37034881 
Sept 1.33498423 1.21350011 Sept 1.32908824 1.1874457 
Oct 1.38828302 1.35238887 Oct 1.44930205 1.47571348 
Nov 0.52810933 0.52826777 Nov 0.65420781 0.701955 
Dec 0.28054197 0.26320773 Dec 0.30316129 0.29397974 
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Table C. Discharge values for CGCM3, A2 scenario. 
A2.cgcm3 
Jan 
Feb 
Mar 
April 
May 
June 
July 
Aug 
Sept 
Oct 
Nov 
Dec 
2010-2039 
3.1 3.2 
discharge 
3.3 
(m /s) 
3.4 3.5 
0.207257 
0.179393 
0.28851 
1.652574 
4.766253 
3.593715 
1.806433 
1.28415 
1.126718 
1.303735 
0.567361 
0.266142 
0.218034 
0.172411 
0.270849 
2.01196 
5.515277 
3.413681 
1.630251 
2.374449 
1.160041 
1.166866 
0.52971 
0.277662 
0.205965 
0.191717 
0.296435 
1.541309 
5.176609 
3.527481 
1.870168 
1.407851 
1.147157 
1.378977 
0.591168 
0.266342 
0.210633 
0.19388 
0.300994 
1.877351 
4.642119 
3.820017 
1.982752 
1.522692 
1.186852 
1.234466 
0.575922 
0.269752 
0.222508 
0.190273 
0.300103 
1.934655 
5.319521 
3.718954 
1.847094 
1.395382 
1.144578 
1.497981 
0.670332 
0.279031 
2010-2039 
average 
0.21287931 
0.1855347 
0.29137843 
1.80356995 
5.08395579 
3.61476975 
1.82733965 
1.39690482 
1.1530692 
1.31640477 
0.58689858 
0.27178592 
2040-2069 
3.1 3.2 
dischrage > 
3.3 
m I s )  
3.4 3.5 
0.227594 
0.2066 
0.39001 
2.076814 
5.257739 
3.569651 
1.67927 
1.309144 
1.102996 
1.268986 
0.578705 
0.28155 
0.287049 
0.235175 
0.373753 
2.626388 
6.468155 
3.448727 
1.744427 
1.558304 
1.191764 
1.274785 
0.611606 
0.329679 
0.246066 
0.225547 
0.359612 
2.335363 
5.586779 
3.4098 
1.832766 
1.507654 
1.202296 
1.397425 
0.653573 
0.29804 
0.24188 
0.230534 
0.40991 
2.422021 
4.969161 
3.788566 
1.938133 
1.635446 
1.25921 
1.37667 
0.632791 
0.290736 
0.269995 
0.271848 
0.41685 
2.916815 
5.365113 
4.135301 
1.884171 
1.468706 
1.224177 
1.864038 
0.935615 
0.337623 
2040-2069 
average 
0.25451656 
0.23394076 
0.39002696 
2.47548027 
5.52938937 
3.67040906 
1.81575351 
1.49585098 
1.19608857 
1.4363808 
0.6824581 
0.30752541 
2070-2100 
3.1 3.2 
discharge 
3.3 
[m /s) 
3.4 3.5 
0.264608 
0.265605 
0.606731 
3.250157 
5.069145 
3.386265 
1.613092 
1.358662 
1.09083 
1.346197 
0.625933 
0.297115 
0.346939 
0.279914 
0.722428 
4.415194 
6.328906 
2.836331 
1.703902 
1.613696 
1.180136 
1.362674 
0.650275 
0.363058 
0.273855 
0.269968 
0.605761 
3.990136 
5.087515 
2.924008 
1.867834 
1.527126 
1.170139 
1.449286 
0.750232 
0.309599 
0.26326 
0.240096 
0.660052 
4.088997 
4.577505 
3.398762 
1.961523 
1.797773 
1.27218 
1.515953 
0.724447 
0.3284 
0.305274 
0.321264 
0.696831 
5,25856 
4.797202 
3.S13662 
1.75179 
1.506571 
1.179386 
2.062789 
0.974783 
0.387243 
2070-2100 
average 
0.29078734 
0.2753693 
0.65836078 
4.20060878 
5.17205457 
3.21180547 
1.77962812 
1.56076551 
1.17853419 
1.54737967 
0.74513412 
0.33708298 
baseline 1960-2000 
observed 
0.229025641 
0.182275 
0.2089 
1.106275 
5.007692308 
5.314358974 
3.352051282 
1.824375 
1.2784 
1.47655 
0.935675 
0.3561 
mean 1.420187 1.478433 1.466765 1.484786 1.543368 1.495755 1.679151 1.58791 1.599588 1.757521 1.597862 1.816954 1.685455 1.735745 1.89628 
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Table D. Discharge values for ECHAM5.1, A2 scenario. 
2046-2065 discharge (m3/s) 2081-2100 discharge (m3/s) 
echam5.1 echam5.1 
a2 a2 
Jan 0.199221845 Jan 0.197254129 
Feb 0.187527576 Feb 0.179162696 
Mar 0.407426097 Mar 0.468889187 
April 2.728527457 April 3.069931623 
May 3.707520548 May 3.374961824 
June 3.203615213 June 2.847031895 
July 1.591811969 July 1.60516111 
Aug 1.531363034 Aug 1.565689429 
Se pt 1.11696115 Sept 1.097432151 
Oct 1.182326829 Oct 1.105582608 
Nov 0.593404306 Nov 0.69435795 
Dec 0.241076129 Dec 0.245300125 
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Table E. Discharge values for CGCM3, B1 scenario. 
Bl.cgcm3 
Jan 
Feb 
Mar 
April 
May 
June 
July 
Aug 
Sept 
Oct 
Nov 
Oec 
2010-2039 
3.1 3.2 
discharge 
3.3 
(m  I s )  
3.4 3.5 
0.186143 
0.176869 
0.31527 
1.731882 
4.821177 
3.64857 
1.804769 
1.285472 
1.143618 
1.254811 
0.524925 
0.250726 
0.199274 
0.166647 
0.239391 
1.661302 
5.097237 
3.232051 
1.661864 
1.30434 
1.136467 
1.263453 
0.520846 
0.247321 
0.184578 
0.181569 
0.262208 
1.43213 
4.849365 
3.303659 
1.756546 
1.338559 
1.11708 
1.232942 
0.541576 
0.236004 
0.219034 
0.180226 
0.253896 
1.701515 
5.095081 
3.75042 
2.001672 
1.43438 
1.248089 
1.36949 
0.610937 
0.283195 
0.217058 
0.187414 
0.278478 
1.67805 
5.028951 
3.529728 
1.991557 
1.528775 
1.243283 
1.560597 
0.652829 
0.28545 
2010-2039 
average 
0.20121737 
0.17854522 
0.2698488 
1.64097596 
4.97836234 
3.4928858 
1,84328145 
1.37830491 
1.17770737 
1.33625855 
0.57022266 
0.2605393 
2040-2069 
3.1 3.2 
discharge 
3.3 
(m /s) 
3.4 3.5 
0.187821 
0.183883 
0.31385 
1.819921 
4.889427 
3.704314 
1.709812 
1.251003 
1.104114 
1.225294 
0.530394 
0.253361 
0.216488 
0.172587 
0.317923 
1.867538 
5.577285 
3.133464 
1.638676 
1.315491 
1.119089 
1.242939 
0.541918 
0.245429 
0.193779 
0.201592 
0.315369 
1.718203 
5.533572 
2.927792 
1.687637 
1.373669 
1.079172 
1.268668 
0.572048 
0.250507 
0.217452 
0.183806 
0.29256 
2.05269 
5.380257 
3.685146 
1.962418 
1.504717 
1.209999 
1.416525 
0.676205 
0.289324 
0.24825 
0.22528 
0.338286 
1.898376 
5.716519 
3.649917 
2.10972 
1.685409 
1.34622 
1.738472 
0.702629 
0.307234 
2040-2069 
average 
0.21275786 
0.19342956 
0.31559762 
1.87134577 
5.41941201 
3.42012675 
1.82165275 
1.42605773 
1.17171868 
1.37837973 
0.60463872 
0.26917119 
2070-2100 
3.1 3.2 
discharge i 
3,3 
m /s) 
3.4 3.5 
0.192089 
0.181296 
0.396741 
2.133365 
4.911965 
3.719892 
1.638473 
1.30092 
1.096142 
1.227713 
0.56894 
0.256567 
0.231488 
0.199106 
0.348937 
2.134358 
5.331821 
3.200333 
1.63949 
1.38844 
1.096967 
1.3161 
0.630873 
0.2619 
0.210342 
0.226602 
0.369542 
1.996809 
5.455212 
3.107854 
1.747441 
1.418874 
1.12786 
1.313945 
0.582461 
0.261619 
0.24851 
0.21329 
0.388811 
2.234989 
5.148916 
4.177612 
2.053879 
1.644903 
1.279283 
1.593344 
0.72966 
0.305652 
0.249196 
0.244803 
0.37201 
2.339502 
5.563821 
3.590193 
2.147033 
1.80194 
1.296664 
1.768148 
0.783842 
0.322207 
2070-2100 
average 
0.22632499 
0.21301938 
0.3752082 
2.16780452 
5.28234717 
3.5591769 
1.84526326 
1.51101556 
1.17938299 
1.44384982 
0.65915502 
0.2815889 
baseline 1960-2000 
observed 
0.229025641 
0.182275 
0.2089 
1.106275 
5.007692308 
5.314358974 
3.352051282 
1.824375 
1.2784 
1.47655 
0.935675 
0.3561 
1.428686 1.394183 1.369685 1.512328 1.515181 1.4311 1.449069 1.426834 1.572592 1.663859 1.468675 1.481651 1.48488 1.668237 1.706613 
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Table F. Discharge values for CSIROMk, GFDLCM and ECHAM5.1, B1 scenario. 
2046-2065 discharge (m3/s) 2081-2100 discharge (m3/s) 
csiromk30 gfdlcm echamS.l csiromk30 gfdlcm echam5.1 
bl bl bl bl bl bl 
Jan 0.21474184 0.21793217 0.2237309 Jan 0.22182079 0.22329485 0.22906363 
Feb 0.17239705 0.18278943 0.18263383 Feb 0.18414347 0.20890469 0.19547607 
Mar 0.27232304 0.28975343 0.28799738 Mar 0.29290327 0.32072496 0.31395148 
April 1.98777608 2.2125903 2.23287926 April 1.99234034 2.42740382 2.42856033 
May 4.25663231 4.91917303 4.93433271 May 3.93071357 5.08425541 5.18996163 
June 4.01793729 3.18881969 3.24538176 June 4.09063782 3.41046565 3.39184906 
July 1.8111504 1.89657786 2.00468122 July 1.73506963 2.1687497 2.20803571 
Aug 1.29637329 1.52634737 1.583575 Aug 1.30503506 1.74100291 1.76002785 
Sept 1.29682319 1.19800547 1.24619568 Sept 1.24094771 1.29902589 1.26173771 
Oct 1.42046993 1.37725444 1.44153253 Oct 1.69361539 1.43870393 1.47177436 
Nov 0.53134752 0.51808549 0.56073593 Nov 0.60855862 0.67895603 0.7302546 
Dec 0.27416891 0.26313245 0.26774515 Dec 0.27749621 0.28652438 0.29367137 
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Table G. Temperature (Celsius) and precipitation (mm) values for all GCM's, AlB scenario. 
3. 
CD 
AlB cgcm3.1 cgcm3.2 cgcm3.3 cgcm3.4 cgcm3.5 echamS.l gfdlcm2 
temp precip temp precip temp precip temp precip temp precip temp precip temp precip 
Jan -5.40886 1.457026 -4.34854 1.6256 -5.62146 1.495343 -4.80928 1.626476 -4.97519 1.464951 -5.73002 1.349488 -5.49783 1.329638 
Feb -3.77642 1.182153 -2.8967 1.190134 -3.30486 1.225948 -3.68255 1.16485 -3.97392 1.206896 -3.49543 1.084144 -3.90145 1.067047 
Mar 1.153738 0.789114 1.215847 0.761265 0.636183 0.863756 1.179772 0.854127 0.564964 0.860883 1.208954 0.836838 1.120926 0.826738 
April 5.389978 0.841944 5.82162 0.867649 5.267928 0.868937 5.883422 0.850241 6.061342 0.868861 5.720253 0.916335 6.616483 1.118498 
May 10.53642 1.260823 11.12893 1.179075 10.62201 1.284609 10.64158 1.108774 10.61996 1.111314 10.69257 1.137698 10.99566 1.638086 
June 14.33734 1.268932 14.75594 1.405178 14.82898 1.316181 13.39272 1.412675 14.71918 1.48878 13.83664 1.333703 13.07441 1.726724 
July 15.24282 1.178144 16.42899 1.453456 15.96408 1.270664 15.60502 1.403677 16.22963 1.569072 15.45205 1.24381 15.33584 1.827273 
Aug 15.45242 1.162069 16.29357 1.513783 16.11269 1.238166 15.85999 1.323735 16.3478 1.532731 15.74208 1.283202 15.75209 1.822126 
Sept 10.86836 1.284055 11.15478 1.256795 10.57026 1.258309 10.883 1.252925 11.11781 1.322014 10.86595 1.362735 10.33788 1.34314 
Oct 5.560996 2.152033 5.987318 1.970935 6.075912 1.895332 5.938704 1.818591 5.897818 2.849577 5.308964 2.284867 5.490686 2.131569 
Nov -2.5528 1.365272 -2.64862 1.387258 -1.28186 1.468985 -1.78848 1.378454 -1.98558 1.515759 -1.58026 1.349277 -1.50788 1.295006 
Dec -5.00245 1.46643 -5.6399 1.561218 -4.94385 1.422688 -5.38423 1.541786 -5.13345 1.502785 -5.25795 1.424501 -5.18285 1.368534 
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Table H. Temperature (Celsius) and precipitation (mm) values for all GCM's, A2 scenario. 
A2 cgcm3.1 cgcm3.2 cgcm3.3 cgcm3.4 cgcm3.5 echam5.1 
temp precip temp precip temp precip temp precip temp precip temp precip 
Jan -5.30442 1.601703 -4.68372 2.03553 -5.43943 1.562047 -4.69071 1.669215 -5.23678 1.703383 -5.11453 1.278886 
Feb -3.31089 1.242695 -3.37492 1.406257 -2.92934 1.204594 -3.54913 1.222969 -3.13296 1.259398 -2.98335 1.089004 
Mar 1.201708 0.81027 1.249407 0.829945 1.105083 0.871738 1.103961 0.873792 0.806504 0.883233 1.631572 0.852961 
April 5.802618 0.865615 6.378944 0.916116 5.956196 0.976266 6.214687 0.864461 6.722875 0.99076 7.081644 0.791375 
May 10.48993 1.177722 11.98873 1.213587 10.7631 1.293155 10.32281 1.175987 10.70263 1.367147 10.98052 1.055664 
June 14.54616 1.298283 15.36377 1.344359 14.24401 1.435671 14.78207 1.450696 14.84373 1.421523 16.74185 1.251637 
July 15.63424 1.248664 16.14874 1.347415 16.46897 1.365917 16.03599 1.57812 16.28317 1.270042 17.67288 1.384896 
Aug 16.46569 1.072174 16.26728 1.351467 16.57887 1.307984 16.28454 1.510454 16.37445 1.268504 17.66979 1.479168 
Sept 11.3132 1.275557 11.29708 1.242433 10.60537 1.301524 11.12861 1.270688 11.04201 1.267202 10.81693 1.190343 
Oct 6.099109 2.031273 6.224381 1.823616 6.453645 2.012264 6.210073 2.057926 6.231475 2.899654 5.832227 1.913578 
Nov -2.43865 1.384337 -2.20675 1.502611 -1.31316 1.438404 -1.98831 1.414038 -1.65478 1.570457 -1.11712 1.269341 
Dec -5.12207 1.627255 -5.42011 1.944827 -5.09713 1.567133 -5.31285 1.593544 -5.17071 1.678951 -5.02136 1.252796 
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Bl 
Jan 
Feb 
Mar 
April 
May 
June 
July 
Aug 
Sept 
Oct 
Nov 
Dec 
cgcm3.1 
temp precip 
-5.95103 
-3.62045 
1.40442 
5.407543 
9.799329 
13.69579 
14.94015 
15.09867 
10.53756 
5.316462 
-2.55618 
-5.35253 
1.420977 
1.163397 
0.7878 
0.822496 
1.249335 
1.260067 
1.16567 
1.127265 
1.291122 
1.990912 
1.375856 
1.509271 
cgcm3.2 
temp precip 
-5.14704 
-4.25639 
0.776443 
5.314587 
10.81087 
14.19398 
15.74143 
15.83875 
11.13659 
5.568947 
-2.36351 
-5.50634 
1.465487 
1.233934 
0.833553 
0.871463 
1.245471 
1.296244 
1.25674 
1.196622 
1.24273 
2.071041 
1.254922 
1.295594 
cgcm3.3 
temp precip 
-5.89618 
-3.41511 
0.691873 
5.088425 
10.77197 
13.71209 
15.68966 
15.74215 
10.40243 
5.786742 
-1.35632 
-5.68559 
1.355411 
1.153678 
0.856742 
0.843985 
1.215477 
1.393797 
1.29051 
1.277259 
1.249575 
1.912563 
1.35801 
1.304238 
cgcm3.4 
temp precip 
-4.80629 
-3.92997 
0.570309 
5.499848 
10.12135 
13.81779 
15.16013 
15.45655 
10.87238 
5.620639 
-1.84151 
-5.08992 
1.601831 
1.18583 
0.85587 
0.808114 
1.239548 
1.428583 
1.466779 
1.380688 
1.327475 
2.268297 
1.460183 
1.578084 
cgcm3.5 
temp precip 
-5.2713 
-3.80665 
0.431599 
5.564655 
10.67164 
13.64096 
15.805 
15.89518 
11.0467 
5.347215 
-2.50443 
-5.07254 
1.426007 
1.235493 
0.902959 
0.849617 
1.236524 
1.474617 
1.566567 
1.531443 
1.376409 
2.756099 
1.388426 
1.409953 
echam5.1 
temp precip 
-5.78247 
-4.20838 
0.419108 
5.671829 
10.70661 
13.0797 
15.29069 
15.72067 
10.40885 
5.224535 
-1.49313 
-5.85796 
1.350458 
1.133502 
0.781814 
0.977511 
1.501599 
1.723999 
1.673079 
1.560678 
1.351869 
2.274671 
1.337826 
1.297553 
csiromk30 
temp precip 
-5.60201 
-3.90395 
0.632693 
5.476865 
9.366136 
13.84318 
15.38089 
15.78323 
10.62102 
5.107573 
-1.94631 
-4.96875 
1.4877 
1.197306 
0.818794 
0.714454 
0.95489 
1.309146 
1.203754 
1.113911 
1.533633 
2.534364 
1.365878 
1.432652 
gfdlcm 2 
temp precip 
-5.62945 
-4.28856 
0.398426 
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